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Summary 
Polymer Light-Emitting Diodes (PLEDs) have been traditionally produced by Spin-
Coating. However, the trend now is moving towards a more efficient production 
technique using Drop-on-Demand Inkjet Printing (DoD-IJP) Technology. Although 
prototypes have been produced successfully using this method, much work remains to be 
done on using IJP for the various aspects of producing PLEDs. In this research, three 
areas of work relating to PLEDs and IJP were performed. Surface wettability of Indium-
Tin-Oxide (ITO) substrates, which are common substrates for PLEDs, has been 
characterized by contact angle measurements after been cleaned using five different 
separate cleaning processes. It was concluded that dry cleaning processes are generally 
more efficient than wet cleaning processes. They produce surfaces with better wettability 
and uniformity by effectively removing hydrocarbon contamination. This is an important 
advantage when printing droplets which require uniform substrate wettability. We 
selected the dry cleaning process of Oxygen-Plasma as the standard cleaning for the ITO 
substrates. Other than producing a uniformly cleaned surface with high wettability, this 
surface also lasts longer after exposure to atmospheric conditions. Surface pattering of 
the ITO substrates using parameters that have been identified to be repeatable and 
relatively stable for the materials and machines used, have been carried out. The 
patterned features that we have obtained are reasonably sharp and sufficient for our 
purposes. Repeated patterning of different ITO substrates has been carried out without 
encountering any major problems. IJP of a material, 
Poly(ethylenedioxythiophene):Poly(styrene-sulfonate) or PEDOT:PSS, which is 
commonly used as the Hole-Transport-Layer (HTL) of a PLED, have been conducted. 
Summary 
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The printing was done using a print-head based on piezoelectric principles and actuated 
by a voltage pulse profile signal. Using data collected from Taguchi Design of 
Experiments and analyzed using Level Average Analysis we were able to obtain more 
optimized pulse profile parameter settings in order to achieve droplets of better 
uniformity. The preferred set of parameters that we have obtained is relatively better than 
the other parameters that we have used for our investigations. However, this set is not the 
best possible settings requiring further future investigation. Nevertheless, the 
methodology of combining a statistical method with experiments to optimize a set of 
parameters for a certain process has been demonstrated here. This methodology can be 
adapted for the optimization of other experimental processes. Printing of droplets on ITO 
substrates was carried out and the influence of substrate temperature on the dried profile 
of single printed droplets was investigated. We have proposed an explanation as to why 
such shapes were obtained and how these shapes changes with the different substrate 
temperatures. Generally, at higher temperature, which leads to faster drying rate, the 
small inkjet printed droplets dry almost immediately upon impact. This resulted in a 
variety of dried droplet profiles with different substrate temperatures that may or may not 
be desirable, depending on the final profile shape that is required. However, this 
knowledge and the subsequent characterization can serve as a reference for future work 
that may be undertaken to obtain specific print features that is more desirable. 
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1. INTRODUCTION 
1.1 Background 
An additive manufacturing process is one whereby parts are produced through the 
selective and successive addition of small amounts of materials in a controlled or 
computerized fashion over a period of time onto a substrate that carries the part. Rapid 
Prototyping (RP) is the name generally given to the various additive processes. It has 
many advantages compared to the traditional subtractive process of part manufacturing. It 
is a low cost production method for expensive materials, e.g. biological, specialty 
polymers and precious metals etc, as there is little wastage. It is also environmentally 
friendly since there is less waste generated and little solvents are required. 
 
Inkjet Printing (IJP) is an additive manufacturing process that is data-driven and direct-
writes onto the substrate to build up the part. It is flexible and in general requires little 
specific tooling. It is a non-contact process resulting in low crosstalk between processes 
and it is capable of precise (~< 10 m) deposition of picoliter volumes at high rates, even 
onto non-planar surfaces. There are a wide range of materials, e.g. biological, metals, 
polymers and fluxes etc, which can be used as the dispensing medium. The operating 




C. A high 
resolution of about 15 to 20m diameter dispensed droplets can be obtained with 
frequencies of about 1Hz to 1MHz.[1] 
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In the past decade, IJP has come to be viewed as a precision micro-dispensing tool, in 
addition to its huge success with color printing. Currently, this tool is being used in a 
wide range of functional applications. In Electronics, they include electrical & optical 
interconnects, conductors, dielectrics and printed electronics etc. In Displays, they 
include light-emitting polymers, phosphors, color filters and spacers etc. In Biomedical, 
they include BioMems, sensors, bioactive materials and drug delivery etc. Other 
applications are in MEMS packaging and manufacturing, optics and micro-optics, 3D 
assemblies, embedded passive devices and nanostructure materials deposition etc. 
 
An Organic Light Emitting Diode (OLED) is a light-emitting diode (LED) in which the 
light-emitting layer is an organic compound. These devices promise to be much cheaper 
to fabricate than traditional semiconductor LEDs. Varying numbers of OLEDs can be 
„built‟ in arrays on a substrate, using different manufacturing methods to create a 
graphical color display for use as television screens, computer monitors, portable system 
displays and advertising and information bulletin applications etc. Advantages of OLED 
displays over LCDs are that OLEDs do not require a backlight to function as they are 
self-luminous and do not require diffusers and polarizers.[2,3] OLEDs essentially consist 
of two electrodes sandwiching a stack of some organic semiconductor materials. This 
eliminates the need for bulky and environmentally undesirable mercury backlight lamps 
and yields a thinner, lighter, more versatile and more compact display. They draw far less 
power under typical operation and can be used with small portable devices. Their low 
power consumption provides for maximum efficiency and minimizes heat and electrical 
interference to other electronic devices. 
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One of the recent developments in OLED production methods is the use of piezoelectric 
Drop-on-Demand Inkjet Printing (DoD-IJP) technology. This is a cheaper and more 
efficient method to fabricate OLEDs. Due to the finding that some semi-conducting 
conjugated polymers give off light (electroluminescent) when a voltage is applied to them, 
OLEDs can now be produced using a DoD-IJP machine.[3,4] The polymeric material can 
be prepared as solutions to be used as dispensing material in the DoD-IJP machine. The 
name that is specifically given to this type of diodes is Polymer Light-Emitting Diode 
(PLED) and the material used is known as Light-Emitting Polymer (LEP). DoD-IJP 
seems to hold the solution for all the tediousness, difficulties and wastage encountered in 
the vacuum deposition production of OLEDs. However, IJP is just one part of the total 
process. Complete understanding of the mechanics of micron-sized droplet properties and 
the ability to control them during each process step is vital to the achievement of the 
targeted film.[4] 
1.2 Challenges 
Before production of the first PLED by Barathan and Yang[5] using IJP, OLEDs were 
mainly produced by Thermal Vapor Deposition and Spin-Coating. However, due to the 
high cost of vacuum systems and slow deposition rates in the vapor deposition process, 
this fabrication process is limited to producing small-to-medium-sized OLED displays[4]. 
Spin-coating is a simple and cost effective method. However, material wastage is very 
high and it can normally be used only to produce monochrome displays. With the 
inherent advantages of a material additive process, DoD-IJP is becoming the next most 
Chapter 1: Introduction 
National University of Singapore  4 of 146 
preferred method in the fabrication of PLEDs. For this reason, this project is mainly 
concerned with the study of aspects of PLED development using IJP technology. 
 
Upon impact of an ejected droplet from the IJP machine, surface properties of the 
substrate other than impact mechanics of the droplet plays an important role in the 
spreading, solidification and dried character of the droplets. Surface characteristics of the 
PLED ITO coated glass substrates are normally modified during the preparation 
processes. When the IJP layer is printed onto these substrates, these processes will have 
an impact on the droplet as it initially forms on the surface. It will also have an impact on 
the interface properties between the substrate and the printed layer. These variations will 
in turn affect performance of complete PLED devices to various degrees. In this project, 
we will look at some aspects of the substrate preparation process and some of the surface 
characteristics so produced. Various aspects and characteristics of the piezoelectric DoD-
IJP process and printed features will also be investigated. 
1.3 Objectives 
In order to better understand the workings of an industrial IJP, its capabilities, 
performance characteristics and controlling parameters, we are using a commercial DoD-
IJP machine in our studies. In this process, we will develop an understanding of some 
important aspects relating to PLEDs and their processing methodology. This will provide 
the preliminary ground work for ways to achieve PLEDs with more predictable 
performance. Three objectives targeted are as follows: 
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 To conduct a study of substrate surface characteristics after surface cleaning 
processing in a typical PLED structure to determine whether there has been an 
improvement in surface wettability. After that, the ITO coating will be patterned 
for the printing experiments using parameters that have to be identified as 
repeatable and producing reasonably sharp patterned features. 
 
 For this project, the PLED layer that will be printed will be the Hole Transport 
Layer (HTL), which is normally made of the material known as 
Poly(ethylenedioxythiophene):Poly(styrene-sulfonate) or simply PEDOT:PSS. A 
methodology will be developed using experimental design and statistical methods 
for the optimization of the piezoelectric voltage pulse signal used in the DoD-IJP 
process to produce drops that are of high uniformity. 
 
 Influence of PLED substrate temperature on the dried profile of single printed 
droplets will be investigated and a proposal made as to how this variation in 
temperature affects the dried drop shape. This knowledge can be used in future as 
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1.4 Organization 
The layout of this thesis is organized as follows: 
 
 Chapter 2 gives an essential introductory knowledge on the different aspects of 
Drop-on-Demand Inkjet Printing technology. It also gives an introduction to 
OLEDs, its related structures, working principles and fabrication considerations. 
 
 Chapter 3 describes the proposed research areas of concern in detail. 
 
 Chapter 4 gives an overview of the experimental equipment, materials, processes 
and procedures used for the various aspects of the work to be carried out. 
 
 Chapter 5 presents and discusses the experimental results obtained. Conclusions 
are then drawn from the analyses and discussion of these results. This chapter also 
includes some knowledge from literature that is required to understand and 
analyze the data obtained. 
 
 Chapter 6 gives recommendations for future work that can possibly be carried out.
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2. LITERATURE REVIEW 
2.1 Introduction to Inkjet Printing 
IJP is a way of creating an image on a substrate by jetting ink droplets from a small 
aperture directly and without contact onto specific locations on the substrate in a dot-
matrix fashion[6,7]. It has become a familiar method for transferring electronic data to 
paper or overhead transparencies and, due to its low cost, is now present in almost every 
office and home[8]. These printers are normally of the Thermal Inkjet type. IJP is a 
mature and well-developed method in its application to the graphic-arts industries and is 
highly successful in this area[9]. 
 
In recent years, the manufacturing industry has invested much effort into turning IJP into 
a versatile tool for other manufacturing processes[8]. Opportunities for IJP are abound in 
almost any manufacturing process that requires the precise and controlled deposition of 
minute quantities of functional materials with specific properties (electrical, chemical, 
biological or structural etc) to specific locations on substrates with a high accuracy[10]. 
Most of the time, these materials are most suitably processed from solution, dispersion or 
melt, rather than from vapor. This is because many functional materials, such as polymers 
or biomaterials, do not take well to vacuum deposition techniques that may result in them 
decomposing or reacting and altering their properties[9]. Therefore, IJP has been slowly 
but surely refined and applied to new areas other than its traditional role of information or 
graphic printing. The basic principles of droplet formation and fluid dynamics are still 
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relevant. However, investigation on these materials like their viscosity, additives, 
chemistry, performance and temperature is needed to gain better understanding of their 
characteristics. 
 
Jettable organic electronic materials are now a reality and they have been actively used in 
producing flat-panel displays (FPDs) like OLED displays. However, there are many 
technical challenges involved in developing a practical volume manufacturing method. 
Conventional as well as digital printing methods are seen as robust and commercially 
attractive production methods for polymer-based FPDs. However, Conventional methods 
are relatively unattractive due to their inherent inflexibly and requirement of high-volume 
production in order to be cost-effective.[11] Digital printing methods, in particular IJP, 
offer far more attractive solutions. Piezoelectric Drop-on-Demand Inkjet Printing is a 
promising technique in high performance digital printing that is proving to be the 
technology of choice. Piezoelectric DOD-IJP offers a combination of high productivity, 
reliability and jet uniformity (drop-volume consistency, velocity characteristics, jet 
straightness) that are highly suited to dispensing organic electronic materials for 
producing FPDs.[11] In almost every case, IJP has the potential for design flexibility, on-
demand production and rapid design testing. 
2.1.1 Classification of Inkjet Printing Techniques 
A large number of different IJP technologies and methods have been invented and 
developed by different researchers. Figure 2.1 shows a basic layout of the different IJP 
technologies. Some of the more commonly used methods will be given a brief 
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introduction. Fundamentally, IJP is divided into the Continuous and the Drop-on-Demand 













Fig. 2.1: Layout of the different IJP technologies.  
 
2.1.1.1 Continuous Inkjet Printing Methods 
By applying a pressure wave profile to a nozzle orifice, the ink stream can be broken into 
droplets of uniform size and spacing. A Continuous IJP (C-IJP) can dispense 20 to 
500m size droplets at rates of up to 1MHz. With proper control of the drop forming 
mechanisms, an electric charge can be induced on the drops selectively as the continuous 
ink stream breaks up. When the droplets pass through an electric field, those that are 
uncharged drift into a catcher for recirculation and those that are charged will be 
deflected onto the substrate to form an image.[1] C-IJP is classified as Binary or Multiple 
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Deflection depending on the drop deflection methodology. In a Binary Deflection system 
shown in Figure 2.2, the charged droplets are allowed to deposit onto the substrate, while 
the uncharged drops are collected in a catcher for recirculation. 
 
 
Fig. 2.2: A Binary-Deflection C-IJP system.[6]  
 
In a Multiple Deflection system shown in Figure 2.3, droplets are charged and deflected 
onto the substrate at different levels. The uncharged droplets drift into a catcher for 
recirculation. Using this approach, a single nozzle can be used to print a small image 
swath. Figure 2.4 shows streams of droplets from a C-IJP process. 
 
 
Fig. 2.3: A Multiple-Deflection C-IJP system.[1]  
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Fig. 2.4: Streams of droplets from a C-IJP process.[1]  
 
2.1.1.2 Drop-on-Demand Inkjet Printing Methods 
A DoD device ejects ink droplets only when they are required at the particular location 
on the substrate[12]. DoD principle eliminates the need for drop charging and a drop 
deflection system, as well as the unreliability of the ink recirculation system required by 
C-IJP. Currently, most of the industrial and research interest in IJP are in the DoD 
methods. Demand mode inkjet technology can dispense 15 to 150m size droplets at 
rates of between 0 to 25kHz[1]. Depending on the mechanism used during the drop 
formation process, DoD-IJP can be classified into four main types: Thermal, 
Piezoelectric, Electrostatic and Acoustic. However, most DoD systems in the market are 
using the Thermal or the Piezoelectric principles. Figure 2.5 shows the schematic layout 
of a DoD-IJP process. Regardless of the type of transducer that is in use, the basic 
workings of the DoD process are similar. Figure 2.6 shows the droplets from a DoD-IJP 
process. Droplets are not found in a continuous stream. 
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Fig. 2.5: Schematic of the DoD-IJP process.[1]  
 
Fig. 2.6: Droplets from a DoD-IJP process.[1]  
 
In Thermal IJP, droplets are ejected from the nozzle due to cavitation of a water vapor 
bubble on the top surface of a small heater located near the nozzle. IJP print-heads can be 
built at low cost with high nozzle packing density due to the simplicity of a thermal jet 
print-head design and its semiconductor compatible fabrication process.  Thermal IJP was 
not the first IJP method to be implemented on a commercial product. However, it is one 
of the highly successful methods, especially for graphic-arts applications and home and 
office desktop printers. Depending on the way its mechanism is structured, a thermal 
inkjet can be a Roof-shooter (Figure 2.7) with an orifice located on the top of the heater 
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or a Side-shooter (Figure 2.8) with an orifice located on a side near the heater. In Figure 
2.9, we see the drop formation process within the ink chamber of a thermal inkjet device. 
 
 
Fig. 2.7: Roof-shooter Thermal inkjet 
mechanism layout.[6]  
 




Fig. 2.9: Drop formation process within the ink chamber of a thermal inkjet device.[6]  
 
In Piezoelectric IJP, the underlying principle of operation is the creation of acoustic 
waves in the fluid column by the piezoelectric actuator. The application of a voltage 
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pulse to the piezoelectric element causes mechanical motion of this element, which 
generates a pressure wave that ejects droplets. Under proper shaping of the stimulating 
pulse to the piezoelectric element, it leads to a controlled ejection of single droplets onto 
the feature substrate. Depending on the piezoelectric element‟s deformation mode as 
shown in Figure 2.10, piezoelectric inkjet technology falls into four different categories: 
squeeze, bend, push, and shear. 
 
Fig. 2.10: Different modes that a piezoelectric plate can deform.[6]  
 
A Squeeze-mode inkjet can be designed such that a thin tube of piezoceramic surrounds a 
glass nozzle, a piezoceramic tube cast in plastic that encloses the ink channel or a 
piezoceramic block with a number of fluid channels machined directly into it[12]. Figure 
2.11 shows an example of a squeeze-mode inkjet, where the cylindrical piezoceramic 
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Fig. 2.11: A Squeeze-mode inkjet using a piezoceramic cylinder and a glass tube.[13]  
 
In a Bend-mode inkjet design shown in Figure 2.12, the piezoceramic plates are bonded 
to the diaphragm. This forms an array of bi-laminar electromechanical transducers used 
to eject the ink droplets.[6] 
 
Fig. 2.12: A Bend-mode piezoceramic inkjet system.[6]  
 
For a Push-mode inkjet as shown in Figure 2.13, a piezoceramic rod pushes against the 
ink to eject the droplets, as it expands.  
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Fig. 2.13: A Push-mode piezoelectric inkjet system.[6]  
 
In both the bend- and push-mode inkjet systems, electric field generated between 
electrodes is parallel with the polarization of the piezoelectric material. However, in a 
Shear-mode inkjet, the electric field is perpendicular to the polarization of the 
piezoelectric driver as shown in Figure 2.14. The shear action deforms the piezoelectric 
slice against the ink to eject droplets. For this design, the piezoelectric element forms an 
active part of the wall in the ink chamber. Hence, interaction between ink and piezo-
element is one of the features of a shear-mode inkjet system. 
 
Fig. 2.14: A Shear-mode piezoelectric inkjet system.[6]  
 
In theory, piezoelectric elements can come into direct contact with the ink solution. 
However, in practical applications, a thin diaphragm separates the piezoelectric driver 
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and the ink. This is incorporated to prevent any undesirable interactions between the ink 
and the piezoelectric material. 
2.1.2 Important Parameters of Concern for Inkjet Printing 
Systems 
In discussing the use of IJP technology for functional materials, it is important to 
understand the parameters of concern which can influence its performance. As can be 
seen from above, IJP is a general term used to refer to a large number of different 
technologies. However, for the discussion in this thesis hereon, the focus will be on the 
piezoelectric IJP technology as many of the non-traditional IJP of functional materials 
has been done using this type of technology. Even so, there are many differences in print-
head design and firing concept within it. In spite of this, the parameters of concern for 
these different system designs are somewhat similar. There are more than a few 
parameters of importance to consider when designing an IJP system. For ease of 
discussion, they are grouped into three different categories: the Print System, the Print-
head and the Print Material. 
2.1.2.1 Print System Parameters 
The purpose of the printing system is to place the substrate and the print-head in proper 
position relative to one another, in 3-Dimension and at the correct time for each droplet to 
be located accurately. The main parameters of concern include: 
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(1) Size of substrate that the machine can accommodate in its substrate holder. The 
holder should possess a hold-down mechanism for flatness and positional accuracy. 
 
(2) X-Y positioning tolerance that gives an indication of the accuracy of registration and 
alignment for the print system[14]. 
 
(3) Z-adjustment of print-head relative to substrate to maintain a constant separation 
distance. Adjustment should compensate for different substrate thickness. 
 
(4) Speed at which substrate can be printed. Determined by factors such as printing speed, 
acceleration and deceleration time for print-head or substrate holder, number of heads 
or nozzles per head and resolution of printed feature that is dots-per-inch (dpi).[14] 
 
(5) Reliability of operation of the print system. However, increase in reliability may 
result in decrease in production output, as printer must be constantly monitored to 
look for clogged or malfunctioning nozzles. A cleaning or purging system can be 
integrated to carry out preventive maintenance of the print-head. 
 
(6) Dying method and rate at which system can achieve for different materials used. 
 
(7) Loading and unloading method for substrate that will influence production rate. 
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2.1.2.2 Print-head Parameters 
The print-head must be able to dispense individual drops of material, at a frequency of 
thousands of Hertz, in a controlled and repeatable fashion so that the final size and 
position of the droplet on the substrate is predictable. The ejection of droplets from the 
nozzles must be stable and reliable. The print-head‟s rate of firing, drop velocity and 
volume and flight angle deviation, will all affect the accuracy and speed at which the 
feature is produced. The main parameters of concern are listed below: 
 
(1) Drop formation process is also dependent on material properties. We have to gain an 
understanding of this process and how it can decrease drop volume, velocity and 
directional variance. 
 
(2) Spacing of nozzles, positioning variance within the nozzle plate, quantity of nozzles, 
size of nozzle and addressability of individual nozzles and firing patterns are also 
important variables to be considered[14]. 
 
(3) Compatibility or tolerance of print-head materials to solvents that are used. 
 
(4) Range of temperatures at which the print-head can be operated. 
 
(5) Range of frequencies at which the print-head can be operated and voltage pulse 
waveform that is used to actuate the piezoelectric element. 
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(6) Capacity and accessibility of ink reservoir and fluid filtering system incorporated to 
prevent clogging of nozzles. 
 
(7) Operating lifetime of piezoelectric element measured in billions of ejected droplets. 
 
(8) Nozzle coating or surface properties and interaction with ink and solvent. 
 
The accuracy in positioning of the printing system together with the print-head jetting 
capability, determines the placement accuracy of printed features. Requirements for drop 
positioning accuracy in non-traditional IJP are much more demanding than for graphic 
arts applications[9]. 
2.1.2.3 Print Material Parameters 
Material consideration for the inkjet system is concerned with both the material effects of 
the ejected droplet and the receiving substrate. Main parameters are as follows: 
 
(1) Surface tension of the ejected droplet, this affects tail formation, drop spreading upon 
impact and material build-up on nozzle plate. 
 
(2) Molecular weight of the dispensed material which affects drop mass and form (drops 
with long/short „tails‟ or drops that are spherical and well formed), required drive 
voltage, firing frequency and also material build-up on nozzle plate[14]. 
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(3) Stability of dispensed material over time which include dispensing time at the 
operating temperatures and storage time when not in use. 
 
(4) Formulation method for different inks which include particles suspended in solvent or 
pure solutions. Evaporation of liquid can result in material drying and clogging up the 
nozzles. Certain ink formulations are easier to clean up and maintain. Drying 
requirements is another consideration. Solubility of solids content impacts on drop 
formation and shape. 
 
(5) Viscosity of these inks affects dispensing and spreading or coalescing of printed 
features after surface contact. A delay in setting of the materials after printing can 
affect printed features. Temperature is one of the influencing factors of viscosity. Inks 
should be formulated in a range of viscosities compatible with specific print-heads. 
 
(6) Additives used in formulating these inks should not adversely affect the printed 
material performance[9]. 
 
(7) Behavior of drops during spreading upon impact is dependent on material and 
substrate surface energies. Substrates can be absorbent, non-absorbent or of mixed 
material surfaces. 
 
(8) Properties of inks should not degrade under the high mechanical shear of a 
piezoelectric print-head or the high temperature conditions of a thermal print-head[9]. 
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Printed features using these inks must be able to withstand a certain amount of 
handling. 
 
(9) Dispensed material must be compatible with print-head materials. It must in no way 
chemically interact with or dissolve any of the components within the print-head or 
reservoir and feed systems. 
 
(10) Materials used must be properly degassed to prevent impact on drop formation and 
device performance due to trapped vapor. 
 
Relationship of material characteristics such as molecular weight, viscosity, solubility 
and surface tension are important not only for jetting of consistent droplets, but also for 
formation of features. However, even if a material can be well jetted and forms a 
reasonable image on the substrate, it must still meet all the other functional requirements 
that are required of the printed feature. 
 
After looking at the main parameters of concern for the three main components of an 
inkjet system, we can see that vast challenges remain to be overcome. A better 
understanding of the actual mechanics of specialized print-head designs and ink 
formulations is required. Researchers have tried to theoretically model the hydro-
dynamical processes taking place within the ink chamber and the nozzle plate. However, 
most of the ink formulations and print-head designs are still based on empirical trial and 
error. A better understanding of what is actually happening in an inkjet process would be 
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extremely useful for print-head design and ink formulation. Also, a better understanding 
of the spreading and drying process of a micro-liquid deposited onto a substrate is useful, 
because a micro-liquid exhibits specific size effects due to its high surface-to-volume 
ratio. 
2.1.3 Advantages and Disadvantages of Inkjet Printing 
2.1.3.1 Advantages of Inkjet Printing 
In short, IJP offers economical advantages in situations where the material to be 
deposited is expensive, waste management is an issue and multiple variable patterns are 
desired, particularly for short runs. It is a highly flexible technology that is able to deposit 
small amounts of material in almost any required pattern and can be scaled-up for larger 
print sizes or quantities. 
 
IJP is a material additive process. It prints only what is required and hence, material 
wastage is kept to a minimum of about 2%, compared with other manufacturing methods 
such as photolithography[15]. This implies a lower cost for applications that requires 
expensive materials, e.g. biological, display and precious metals etc[1]. It is an 
environmentally friendly process, as there is less material wastage and less solvent is 
required. Thick films can be generated by printing layer upon layer. 
 
Fewer process steps are required resulting in lowered cost and production time. IJP 
eliminates developing, punching and inspecting of photomasks. Furthermore, because it 
deposits material only where required, it eliminates the coating and developing steps of 
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photolithography. This means a potential reduction in labor, equipment, energy, 
chemicals and water usage.[14] 
 
IJP is a data-driven direct-write process that can possibly use data directly from a 
Computer Aided Design (CAD) model. Therefore, it is a highly flexible process that can 
generate different shapes without additional tooling.[1] Job processing time from CAD 
modeling to actual manufacturing is significantly reduced. This implies a faster job flow 
through the manufacturing facility, shorter change-over time between different jobs, 
reduced work-in-process (WIP) and smaller practical batch sizes. Batches as small as one 
„work-piece‟ can be achieved.[14] 
 
IJP eliminates the need for a die or rigid photomask, as used in traditional imaging. Other 
then eliminating the cost of producing the masks, it also eliminates the space, cost and 
man-hours required to store the hundreds or thousands of film and glass masks, which 
often required specially controlled environments. Other benefits with the elimination of 
masks is the elimination of mask defects, light scattering and off-contact spreading.[14] 
 
With no contact between the nozzle and the substrate, there is no mechanical wear on the 
print-head and no or controllable crosstalk between processes. The possibility for cross-
contamination is reduced to a minimum, which will have a direct impact on the 
performance of final features. With proper design and formulation, a wide range of 
materials can be used. These would include water- and solvent-based materials, both 
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High resolution and printing rates can be achieved with proper setting of inkjetting and 
printing parameters. Droplets of 15 to 120µm can be obtained and print frequencies of 
1Hz up to 1MHz can be achieved[1]. IJP is suitable for deposition on both small as well 
as large substrates as used in wide-format graphic arts printing and displays 
manufacturing. Applications requiring the deposition of small amounts of fluid in specific 
locations can take advantage of drops <10pl in volume and placement accuracy that can 
be measured in micrometers[14]. 
 
A great potential advantage with IJP is its ability to correct for registration errors due to 
distortion. In traditional imaging or printing, corrections are limited to rigid X- and Y-
axis shifts and rotation. Getting two patterns to be congruent becomes difficult, if there is 
any stretch, shrink or shear in either the mask or the substrate.[14] A digital imaging 
system such as IJP is able to acquire reference positions and scale the data to fit either 
locally or completely. 
2.1.3.2 Disadvantages of Inkjet Printing 
There are two main problems inherent to any IJP process. The first is the intrinsic pinhole 
nature of the deposited material resulting in thin-films that are not completely covered 
up[16]. This intrinsic pinhole nature is one of the contributors to the second problem, 
which is the uneven surface of printed features. This results in relatively high surface 
roughness for printed thin-films. Positioning accuracy and drying process of printed 
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features must be carefully controlled to obtain the desired thin-film properties, such as 
lower surface roughness. Furthermore, the point at which each successive swath of the 
inkjet process joins together, can also be a significant source of non-uniformity. 
2.2 Application of IJP to Polymer Light Emitting 
Diodes 
With improving living standards and a global flexible workplace concept, requirements 
for more advanced portable devices that combines the attributes of a computer, PDA and 
mobile phone is rising. The need for a new low-power, lightweight, wide viewing angle 
and portable communication device is galvanizing the display industry to review the 
current FPD technology used for mobile applications.[2] In trying to meet the needs of 
demanding applications such as smart network household appliances, display-orientated 
mobile imaging devices and identity management cards, the industry is looking at a new 









Fig. 2.15: Examples of OLED displays in consumer products.  
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A general description of an OLED with some of its advantages has been given in Section 
1.1. We will now introduce some more in-depth knowledge of an OLED. 
2.2.1 Classification of Organic Light Emitting Diodes 
2.2.1.1 Small Molecule OLEDs (SMOLEDs) 
Eastman-Kodak developed SMOLED technology[3]. The production of SMOLED 
displays requires vacuum deposition, which makes the production process expensive and 
inflexible. These LEDs uses organic compounds with small organometallic molecules as 
the emissive layer, e.g. Metal chelates like bis(10-hydroxybenzoquinolinato)beryllium or 
Beq2 and tris(8-hydroxyquinolinato)aluminum or Alq. These metal chelates must be 
thermally stable, highly luminescent in the solid state, thin-film forming upon vacuum 
deposition and capable of transporting electrons.[17,18] The term OLED traditionally 
refers to this type of LEDs. However, researchers are slowly using the term SMOLED for 
this type of LEDs. 
2.2.1.2 Conjugated Polymer OLEDs (PLEDs) 
In 1990, Burroughes et al. of Cambridge University discovered the ability of conjugated 
polymers to exhibit electroluminescent[19]. Through this discovery, Cambridge Display 
Technologies Ltd. (CDT) developed the second type of LEDs, which is known as 
Polymer Light Emitting Diodes (PLEDs). The conjugated polymer light-emitting 
materials came to be known as Light Emitting Polymer (LEP). Although this technology 
lags SMOLED development by several years in terms of efficiency and lifetime, it is 
more promising because of an easier production technique.[3] The emissive materials 
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which can be obtained as a solution can be applied on the substrate by techniques derived 
from commercial IJP or photolithography. No vacuum is required for the emissive and 
other organic layers. This means that PLED displays can be made in a flexible and cheap 
way. LEP materials include poly(p-phenylenevinylene) or PPV and poly(vinylcarbazole) 
or PVK. 
 
Recently, a third type of LED has been developed; a hybrid between a SMOLED and a 
PLED. The light-emitting layer of this LED uses nonconductive polymers doped with 
light-emitting conductive small molecules. The polymer is used for its production and 
mechanical advantages and the small molecules, which have the same long lifetimes as in 
SMOLEDs, for its light-emitting properties.[3] 
 
The term OLED is used loosely to refer to SMOLEDs and PLEDs in general, as other 
then production differences, the two types of devices are very similar. 
2.2.2 Basic Structure and Working Principle of an OLED 
 
Fig. 2.16: Basic Structure of an OLED.[20]  
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The basic OLED pixel structure, shown in Figure 2.16, consists of a stack of thin organic 
layers sandwiched between a transparent anode and a metallic cathode, deposited on a 
substrate. The organic layers comprise of a Hole-Transporting Layer (HTL), an emissive 
layer (EL) and an Electron-Transporting Layer (ETL). Sometimes, a Hole-Injection 
Layer (HIL) could be included between the Anode and the HTL to improve charge 
movement into the HTL and then the EL. A Hole-Blocking Layer (HBL) could also be 
included between the EL and the ETL to block holes from moving into the ETL before 
recombining with an electron to give off light. 
 
The substrate is usually a slide of glass coated with Silicon Dioxide (SiO2), used to block 
sodium migration, or a flexible thin plastic film for displays that have to be flexible. 
Indium-Tin-Oxide (ITO) is a common transparent anode that will allow light to pass 
through to the substrate surface, which is also the display surface. Depending on the 
OLED device been of the SMOLED or PLED category, different materials are used for 
the different layers. PEDOT:PSS and Triphenyl Diamine (TAD) is commonly use as the 
HTL. Derivatives of PPV, PVK, Alq or Beq2 as mentioned earlier are commonly used as 
emissive layers. 3-(4-biphenylyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazol or TAZ and 
2-napthyl-4,5-bis(4-methoxyphenyl)-1,3-oxazole or NAPOXA are often used as the ETL. 
Compounds of Aluminum and Lithium (Li:Al) or Magnesium and Silver (Mg:Ag) are 
common cathodic materials.[17,18] Other materials are sometimes added between these 
layers to enhance efficiency by facilitating or hindering hole or electron injection and 
transportation. Research has been carried out on altering the characteristics of these 
materials, by doping or thickness variations, to achieve the desired results. 
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Fig. 2.17: Schematic of another configuration of OLED 
devices and the phenomenon of electroluminescence.[21]  
 
OLEDs work on the principle of Electroluminescence. When an appropriate voltage 
(typically between 2 and 10 volts) is applied to the cell, the top electrode (cathode) injects 
negative (electrons) charges into the OLED device while the bottom electrode (anode) 
injects positive (holes) charges as shown in Figure 2.17. These charges migrate along the 
polymer chains until they meet and a two-step charge recombination process takes 
place.[22] The injected positive and negative charges recombine in the EL to produce 
light. Here, the opposite charges neutralize one another, producing an excited state (an 
exciton) in the polymer. The decay of this excited state is what produces light by the 
release of a photon. This phenomenon is known as Electroluminescence. The structure 
and interface of the organic layers and the choice of materials are designed to maximize 
the recombination process in the EL, thus maximizing the light output from the OLED 
device. These choices also serve to improve device efficiency, lifetime and reduce 
degradation during service. 
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2.2.3 Indium-Tin-Oxide (ITO) Substrate Surface Treatment 
A large number of transparent conducting oxides (TCO) are known and these include tin 
oxide, indium oxide, zinc oxide and their combinations. However, the anode of OLEDs, 
is in the majority a thin layer (~ 100nm to 200nm) of Indium-Tin-Oxide (~ 9 to 10mol% 
tin-oxide in indium-oxide) or Fluorinated-Tin-Oxide (FTO).[23~26] ITO is a common 
substrate used in many applications such as OLEDs, photovoltaic devices and flat-panel 
displays like LCDs[27]. It has attracted such an interest for these applications due to its 
availability, its unique characteristics of high electrical conductivity (low resistivity), 
high optical transmittance over the visible wavelength region or transparency (better than 
90% at 550nm), excellent adhesion to substrates, stable chemical properties and the ease 
with which it can be patterned[23~26]. ITO thin-films with different optical and electrical 
properties required for different purposes are produced industrially and reproducibly 
using reactive thermal evaporation deposition or magnetron sputtering[23].  They can be 
easily patterned using photolithographic techniques, which are currently been used for 
device fabrication. 
 
For OLEDs, ITO substrate surface properties are extremely important, as these displays 
depend on the injection of charges through the interface formed with another OLED 
material layer that is in direct contact with the ITO substrate. Surface properties of these 
substrates have a great influence on the performance properties of OLEDs. A better 
understanding of the effect of different surface cleaning procedures on the ITO surface is 
highly desirable for device application purposes. 
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From literature survey, studies have been reported on modifying the surface properties of 
ITO substrates. Various cleaning procedures leading to different surface properties have 
been used. These procedures include Mechanical, Wet, Dry and Combined treatments. 
Mechanical treatments include rubbing with different materials like paper or Teflon[28]. 
Wet treatments include Ultrasonic Degreasing[23,24,27,28], RCA Protocol[23,28], 
Aquaregia[23,27,28] and Hydrochloric Acid treatment[24]. Dry treatments include 
Oxygen Plasma[24,27,28] and Argon Plasma[27,28]. Combined treatments include 
Aquaregia/Oxygen Plasma[28] or Oxygen Plasma/Aquaregia[28]. 
 
The various surface treatment processes of the ITO substrates can modify its electronic 
and transport properties, for example work function, carrier concentration, conductivity 
and charge (holes and electrons) injection characteristics. They can also influence its 
morphological properties such as surface roughness, hardness and interface structure, its 
physicochemical properties such as surface energy and polarity and its optical properties 
such as transparency.[24,25,27] Since the various surface treatment procedures have an 
effect on the ITO surface properties, it will also have an effect on the performance 
properties of complete OLED devices built using substrates modified by one of these 
processes. Performance properties that can possibly be affected includes luminescent 
lifetime, efficiency, brightness and drive voltage.[24,25,27] Zhong et al. concluded that 
the surface wetting properties of ITO substrates have a direct impact on the performance 
of PLED devices. It was suggested that the electronic and transport properties of the ITO 
anodes are not the only factors of importance affecting device performance.[27] Hence, 
studies on ITO substrate surface modifications and the enhancement of its wetting 
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properties is very important for PLED device characteristics. 
2.2.3.1 Introduction to Surface Wettability 
In the previous section, it was stated that Zhong et al. found that Surface Wettability of 
the ITO substrates plays an important role for enhancing the performance of PLED 
devices. Furthermore for IJP purposes, wettability of the surface by the printed droplets 
on impact is one of the main concerns. Spreading of these droplets after initial impact, 
which determines the final dried droplet shape and profile, is also closely related to the 
wettability of the substrates. These will have an impact on the different aspects of the 
ITO surface and interface, as well as the performance of final devices. 
 
Surface properties of any solid substrate are a direct result of intermolecular forces within 
the solid[23]. Similar to a liquid, the surface of a solid possesses additional free energy. 
However, due to the reduced molecular mobility in a solid, this free energy is not directly 
measurable and must be probed with indirect techniques such as Contact Angle 
measurements.[28] With regard to the prediction of its Wetting and Adhesion properties, 
the Surface Energy of a solid material is of considerable interest. It is a useful indication 
of both Wettability and Adhesion and is useful not only in academic research, but also for 
many technical processes and quality control procedures found in industry[24]. By 
measuring the contact angle () of a liquid on a solid, we obtain a quantitative 
measurement of wettability, which enables us to determine its surface free energy. The 
smaller the contact angle, the better the wettability and the higher the surface energy.  
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Fig. 2.18: Different Surface Energy components and Contact Angle of a Sessile Drop.[29]  
 
The different components of surface energy between a solid substrate, a liquid and the 
surrounding environment for a sessile drop, together with the contact angle at the three 
phase boundary is as shown in Figure 2.18. A force balance between the surface energy 
of the solid substrate (substrate/vapor), the surface tension of the liquid droplet (liquid/vapor) 
and the interface energy between the substrate and the liquid (substrate/liquid) establishes the 













From the equation, we can see that it is the cosine of the contact angles that is used within 
the calculations. Hence, we can look at actual contact angles as it is to give us an 
indication of surface wettability. However, for this contact angle to have any physical 
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Fig. 2.19: Advancing and Receding Contact Angles of a liquid droplet on a tilted substrate.[29]  
 
Three different contact angles can be measured when a sessile drop is deposited on a 
solid substrate. In Figure 2.19, the contact angle obtained is for a substrate that is held at 
the horizontal position. This is normally the contact angle that is cited in the literature. 
However, for differentiation purposes in this thesis, we shall call it the Sessile Contact 
Angle (). When the substrate is tilted as shown in Figure 2.19 and the liquid drop just 
starts to slide down the substrate, two other angles can be obtained. These are stable and 
repeatable critical contact angles and they are known as the Advancing Contact Angle (a) 
at the advancing edge of the droplet and the Receding Contact Angle (r) at the receding 
„tail‟ of the droplet. The sessile contact angle will always lie somewhere between the 
advancing and receding contact angles. a and r define the maximum and minimum 
contact angles, respectively.[28] The difference between them is known as the Contact 
Angle Hysteresis (H). However, this difference is not a simple subtraction of r from a. 
From Young‟s equation, we will calculate Hysteresis in terms of their cosine value given 
by the following equation: 
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Contact angle hysteresis is a result of the presence of energy barriers at the edge of the 
liquid droplet as it starts to slide. These barriers arise from surface heterogeneity, 
roughness, adsorption, desorption, deformation, dipole formation, liquid properties and/or 
interdiffusion.[28] For a surface that is perfectly smooth and compositionally 
homogeneous, theory suggests no hysteresis and a liquid droplet will start to slide down 
this surface at the slightest tilt of the substrate. A liquid droplet deposited on a surface 
will be displaced more easily for small H. If a droplet moves easily, it implies that the 
surface is fairly uniform. Otherwise, it may indicate that the surface is patchy and non-
uniform. 
 
Any pristine surface exposed to ambient air will absorb hydrocarbon molecules from the 
atmosphere. This is known as Surface Degradation or Ageing effects and all contact 
angle measurements should be carried out before this occurs, unless we are interested in 
the surface degradation or ageing behavior with respect to time. Hydrocarbons are 
strongly absorbed to higher energy surfaces, such as metals and metal oxides. They are a 
major source of contamination reducing wettability and uniformity. This is similar to 
organic contaminant that is left behind due to an inappropriate cleaning process or a 
cleaning process that has not been carried out properly. Surfaces with a full coverage of 




. For ITO surfaces, a 
partial contamination will give a patchy surface, with bare ITO patches (areas of high 
surface energy that pin the receding tail of a sliding droplet; lowering r) and organic 
contaminants (areas of low surface energy that pin an advancing liquid front; increasing 
a) that gives rise to a higher H. 
Chapter 2: Literature Review 
National University of Singapore  37 of 146 
 
Kim et al. reported on contact angle hysteresis and surface energy of ITO substrates 
treated using different cleaning procedures and measured using contact angles. They 
found that both hysteresis and surface energy depended strongly on the treatment 
procedures; Oxygen Plasma treatment induced the highest surface energy. They 
concluded that this improves the interface formation with polymers and hence the 
performance of PLEDs.[28] 
2.2.3.2 Brief Review of Surface Treatment Procedures and the 
Achieved Wettability 
From literature, contact angles that were achieved using various surface cleaning and 
modification process are summarized and tabulated in Table 2.1. Some of the literature 
gives only Advancing and Receding Contact Angles, whereas in others, Sessile Contact 
Angles are given. However, we can make a very rough estimation of the sessile contact 









However, this is not done here as we only need a rough idea of what values of contact 
angles other researchers have achieved. The testing liquid that was used is distilled water. 
For most processes, the actual procedural steps were not given in the literature only the 
name and type of process is known to us. Hence, processes with the same name within 
the table may have some differences in the way they were carried out. 
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Paper Rubbing 57.8   26.5 [28] 




42.5   18.1 [28] 
RCA Protocol 
(without IPA) 
45.3   19.8 [28] 
Aquaregia 70.2   30.2 [28] 
Ultrasonic 
Degreasing 
  74   [23] 
RCA Protocol  47  [23] 
Aquaregia   34.6   [23] 
Ultrasonic 
Degreasing 
  64.6   [24] 
Hydrochloric Acid   82   [24] 
Ultrasonic 
Degreasing 
  46.7   [27] 
Aquaregia   73.6   [27] 
Dry Process 
Oxygen Plasma 28.6   12.3 [28] 
Argon Plasma 96.5   49.3 [28] 
Oxygen Plasma   30.7   [24] 
Oxygen Plasma   20.1   [27] 





37.7   18 [28] 
Oxygen 
Plasma/Aquaregia 
53.8   21.3 [28] 
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2.2.4 Different Types of OLED Fabrication Methods 
The major challenge that the OLED industry is facing, is to deposit the organic materials 
accurately in a well controlled fashion uniformly onto the substrate in order to obtain the 
required pixels. Existing OLED fabrication methods fall into two categories. They are 
Thermal Vacuum Evaporation of the organic layers in SMOLEDs and Wet-Coating 
techniques of the polymer layers in PLEDs. 
2.2.4.1 Thermal Vacuum Evaporation 
 
Fig. 2.20: Layout of small molecule material deposition by evaporation.[30]  
 
This method involves the evaporation of small molecule organic powders placed within 
crucibles, which are heated to between 100ºC to 500ºC under vacuum. As shown in 
Figure 2.20, a thin shadow-mask of between 20 to 100μm thick is placed above the 
crucibles with the substrate set directly above it.[30] This mask bears holes representing 
the pixel pattern. The mask is shifted by one pixel to deposit the next set of pixels once 
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the material of one color is deposited. For industrial purpose, each material is deposited 
in a different chamber. Accuracy and handling of large shadow-masks are among the 
main concerns and limitations of this technique as alignment of substrate and mask 
should be done with a precision of ±5μm. 
 
This process takes place within a vacuum environment of about 10
-6
 torr or better. 
However, it has been observed that the performance of devices may be affected 
significantly by residual gases in the chamber. Broms et al. found that the performance of 
OLEDs in which a Calcium film was deposited as the cathode in a high vacuum system 
of ~10
-6
 torr was far better than that deposited under Ultra-High Vacuum of 10
-10
 torr.[31] 
Apparently, this is due to the formation of an oxide layer between the top organic layer 
and the cathode metal. This led to the deliberate introduction of an AlOx buffer layer by 
Li et al.[32] 
 
In contrast to spin-coating, one of the chief advantages of this technique is that it enables 
the fabrication of multilayer devices in which the thickness of each layer can be easily 
controlled. Furthermore, 2D combinatorial arrays of OLEDs, in which two parameters 
(e.g. thickness or composition) may be systematically varied across the array, can be 
easily achieved in a single deposition process.[33~35] 
 
 
Chapter 2: Literature Review 
National University of Singapore  41 of 146 
2.2.4.2 Wet-Coating Techniques 
2.2.4.2.1 Spin-Coating 
Polymers cannot be thermally evaporated in a vacuum chamber because they generally 
crosslink or decompose upon heating. Hence, they are generally deposited by wet-coating 
an aqueous solution of the polymer to form a thin-film. However, since the polymer must 
be soluble, it imposes restrictions on the nature of the polymers and the side groups 
attached to the polymer backbone. Unsubstituted PPV is insoluble. Hence, it is generally 
fabricated by spin-coating a soluble precursor polymer onto the desired substrate, which 
is then converted to PPV by annealing. As this conversion yields an insoluble layer of 
PPV, additional layers can be deposited by spin-coating. However, when soluble PPV 
derivatives such as 2,5-dialkoxy PPVs are spun-coated onto the substrate, only solvents 
which cannot redissolve the deposited film can be used to deposit additional layers.[36,37] 
 
Although spin-coated film thickness can be controlled by the concentration of polymer in 
the solution, the rate of spinning and the temperature of spinning, it is nevertheless 
difficult to fabricate thick films and impossible to monitor film thickness during 
deposition. Theoretically, multi-color displays can be achieved through alterations to the 
chemical structure of the polymeric materials and producing three types of 
electroluminescent materials; Red, Green and Blue (RGB).[15] These materials can then 
be deposited in a fix pattern onto the substrate to achieve the multi-color display. 
However, spin-coating indiscriminately distributes the material over the entire substrate 
with no means of patterning. Hence, only monochromatic displays can be produced.[8] 
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Furthermore, no combinatorial fabrication method has been developed for spin-coating of 
PLED materials. Also, material wastage is too high, sometimes up to 90%[4]. 
2.2.4.2.2 Inkjet Printing 
An important development of wet-coating technique is inkjet printing, achieved by Yang 
and co-workers[5]. In Section 2.1, we introduced IJP in detail and we have stated that the 
IJP technique that is most commonly used now is of the piezoelectric Drop-on-Demand 
type. Currently, this technique is being utilized for the development of High Information 
Content (HIC) displays by Cambridge Display Technology[38], Seiko-Epson[39] and 
Philips[40] etc. As the organic layers can be deposited directly as an array of pixels, there 
is vast potential of it been used for the direct patterning of displays. While several 
companies have announced success in inkjet printed displays, there remains numerous 
intricacies of IJP that have to be overcome. 
 
Across the globe, there are now more than a handful of research institutes and companies 
involved in the display industry, which have reported the fabrication of PLED displays to 
high resolutions and large screen sizes. However, a literature survey has not revealed any 
manufacturing details or insights into the finer points of IJP and relevant operating 
parameters. Therefore in this research, aspects of PLED fabrication using piezoelectric 
DoD-IJP have been investigated using experiments. In certain areas, statistic analysis has 
been used to examine the process, in order to get a better understanding of the behavior 
of this versatile technique. 
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3. RESEARCH AREAS OF CONCERN 
 
Fig. 3.1: Basic PLED device structure being investigated in this research.  
 
The structure of the PLED device being investigated in this research is as shown in 
Figure 3.1. The investigation will be done on certain aspects of such a device. It consists 
of a SiO2 coated glass substrate and an ITO anode that has undergone a surface 
preparation process. PEDOT:PSS is used as the HTL, followed by the EL layer of 
Poly[2-methoxy-5-(2‟-ethyl-hexyloxy)-1,4-phenylene vinylene] (Meh-PPV), which is a 
derivative of PPV. Other layers include a Lithium Fluoride (LiF) Electron Injection 
Modifier (EIM) layer to modify the properties of electron injection and a cathode of 
Calcium and Silver. The ITO layer is pre-coated on the SiO2 coated glass substrate as 
received. The HTL will be DoD inkjet printed. The EL layer is spin-coated. The EIM and 
the Cathode are deposited by vacuum evaporation, as it is difficult or impossible to get 
inks of these materials that can be solution processed. 
 
Cathode (Ca & Ag) 
Electron Injection Modifier (LiF) 
Emissive Layer (Meh-PPV) 
Hole Transport Layer (PEDOT:PSS) 
Anode (ITO with Surface Preparation) 
SiO2 coated Glass Substrate 
(Vacuum Deposition) 
(Inkjet Printing) 
(Pre-coated as received) 
(Spin-Coating) 
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Inkjet printing of the HTL material PEDOT:PSS will be conducted with some in-depth 
study of parameters, properties and characteristics of the machine and the printed feature. 
This study will be broken down into two areas. In summary, surface wettability of ITO 
substrates that have been altered by a surface cleaning process will be investigated. 
Patterning of this ITO surface will also be carried out. Certain parameters for the DoD-
IJP process will be investigated. Piezoelectric pulse profile parameters that determine the 
quality of ejected droplets will be studied. Influence of temperature of substrate on the 
profile of inkjet printed single droplets will also be investigated with the different profiles 
characterized. In the following sections, these two areas will be introduced in more detail. 
3.1 Indium-Tin-Oxide Surface Preparation Process 
The standard substrate of an OLED device is ITO coated Silicon Dioxide glass slides. It 
is used for both SMOLED and PLED devices. The ITO on these substrates acts as anodes 
for the different pixels of an OLED device. This ITO film has to be patterned into leads 
for the conduction of electrical voltages to the different pixels. Commercially available 
batches of ITO substrates are normally characterized by sheet resistivity, surface 
roughness and layer transparency, which have implications for device functionality and 
durability. During printing, wettability of the substrates by the ejected droplets upon 
impact and subsequent spreading has important influences on the properties of printed 
features. These will have an impact on the final device functionality and performance. 
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Fig. 3.2: Flow Chart of the entire ITO Surface Preparation Process.  
 
The flow chart showing the various steps that are involved in the ITO surface preparation 
process are illustrated in Figure 3.2. The chart shows all the various steps from when the 
ITO substrates are first received till they are patterned and ready for printing. The as 
received ITO coated glass substrates are put through an initial cleaning process to remove 
any surface organic contaminants. After which, a standard photolithography process 
using positive photo-resist and the relevant etching chemicals are used to pattern the 
substrate. This substrate is then treated with an oxygen plasma treatment to remove any 
remaining resist residues and to prepare the surface for the printing process. 
 
In this research, the ITO surface will be subjected to 5 different cleaning processes and 
the effects of these processes on the surface wettability and ageing of the ITO substrates 
will be characterized through the measurement of Contact Angles and Contact Angle 
Hysteresis. A comparison will be carried out to determine which process gives a better 
ITO layer covered with 
Photo-resist materials 
(Positive resist) 
Patterned ITO layer 
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wettability. This process will be selected as the standard cleaning process for subsequent 
experiments. Following the selection, surface patterning will be carried out. The 
procedure for surface patterning is carried out using modifications to standard 
photolithography processes and we are only concerned with getting a well patterned 
surface with sharp features that is repeatable. No process optimization or in-depth studies 
are carried out. 
3.2 Drop-on-Demand Inkjet Printing Process 
 
Fig. 3.3: Process Flow of the two different parts of the DoD-IJP experiment.  
 
The next phase of this research deals with the inkjet printing experiments and is 
summarized in Figure 3.3. After the ITO surface cleaning and patterning experiments, IJP 
is carried out with the work divided into two parts. Part I consists of developing a 
methodology for the optimization of voltage pulse profile parameters use to actuate the 
piezoelectric element of the inkjet printer. Part II involves identifying the influence of 
temperature of substrate on the shape profile of printed single droplets of PEDOT:PSS. 
 
Parameters of piezoelectric pulse profile which consists of Pulse Amplitude, Pulse Width, 
Pulse Rise Time and Pulse Fall Time, will be investigated to identify their relationship to 
ITO ready for printing 
DoD-IJP 
Printed PEDOT:PSS Droplets 
Carried out in 2 parts: 
 
- Part I 
  Methodology Developed for Optimizing 
Pulse Profile Parameters 
 
- Part II 
 Influence of Temperature on Profile of 
Printed Single Droplets 
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drop properties like Volume, Velocity and Directionality. Relationship between the pulse 
profile and drop properties will be investigated using Design of Experiment (DOE) 
methods. The method that will be used is the Taguchi Design Experiment (TDE) method, 
which is able to give us a reasonable amount of statistical information for a process. The 
analysis will be carried out using Level Average Analysis (LAA), which is an analytical 
method under TDE. The quality characteristic that will be used in this analytical method 
will be the standard deviation of the three drop properties, namely Volume, Velocity and 
Directionality, where a smaller standard deviation (smaller-is-better) is more desirable for 
drop uniformity. From the design experiment and the analysis, we can obtain a set of 
relatively optimized pulse profile parameters for smaller drop property standard 
deviations. Further experiments can be carried out using this as a reference to obtain 
more optimized parameters. In this research, we aim to demonstrate the methodology of 
this optimization process using DOE methods with its potential of been applied to other 
areas of research. 
 
To obtain uniform thin-films and printed features, we must first look at and characterize a 
single droplet. After achieving a set of pulse profile parameters from Part I that will give 
us droplets with higher uniformity, we will look at the influence of temperature of the 
ITO substrate on the dried profile of a single droplet that has been deposited onto it. We 
want to have an understanding of the drying behavior of this droplet upon impact and 
spreading on the substrate with respect to temperature. Dried profile of the printed 
droplets at different substrate temperatures may be able to give us an insight into this 
behavior. 
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4. EXPERIMENTAL PROCEDURES 
4.1 Indium-Tin-Oxide Surface Preparation Process 
4.1.1 Surface Cleaning 
The equipment, materials, processes, procedures and experimental setups are documented 
and presented in this section. 
4.1.1.1 Equipment and Materials 
Given below in two separate sections are the list of equipment and materials that have 
been used for this portion of the work: 
4.1.1.1.1 Equipment 
1) For the wet processes (Alkaline, Organic and Neutral), an Ultrasonic Cleaner 
(Bransonic Ultrasonic Cleaner; Model: 3510E-DTH) supplied by Bransonic Ultrasonic 
Co. was used. 
 
2) For the UV-Ozone Cleaning Process, an UV-Ozone Cleaner (UVO-Cleaner; Model: 
42-220) supplied by Jelight Company Inc. was used. 
 
3) For the Oxygen-Plasma Cleaning Process, an Oxygen-Plasma Cleaner (Sirus RIE Etch 
System) supplied by Trion Technology was used. 
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4) For the measurement of contact angles, a Contact Angle Goniometer (CAG) (Rame-
Hart CAG (NRL); Model: 100-00; SN: 2165) supplied by Rame-Hart Instrument Co. 
was used. 
 
5) For the dispensing of the water droplet onto the ITO substrates, a syringe (50L 
Gastight High Performance Micro Syringe; Part No.: 80965), needle (Removable-type 
needles; Part No.: 7770-01) and plunger (Repeating Dispenser; Part No.:83700) system 
supplied by Hamilton Company was used. 
4.1.1.1.2 Materials 
1) The ITO coated glass substrates (Part No.: 857 386 X000 71[]; Lot No.: EJ-06S3783) 
was supplied by Merck Display Technologies Inc. The ITO is coated on sodalime 
polished glass that comes in a size and thickness of 200x200x0.7mm and a sheet 
resistivity of 11.7/□. 
 
2) The de-ionized (DI) water is produced in-house by a Labconco Co. machine; WaterPro 
PS Polishing Station 90005-00. This water is free of ions, has a resistivity of 
18.2M/cm and a surface tension of 72.4mN/m. However, measurement of 
conductivity does not measure hydrocarbon content. An extra filtration step which is 
found in this machine is needed to produce organic-free pure water. 
 
3) For the Alkaline Cleaning Process, the alkaline cleaning agent is Deconex (Lot No.: 
106221) supplied by Borer Chemie AG.  
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4) For the Organic Cleaning Process, the Acetone (Lot No.: 504 198) in use is supplied 
by Honeywell International Inc. 
 
5) For the Organic Cleaning Process, the IPA (Isopropyl Alcohol; Lot No.: 6002A) in use 
is supplied by Honeywell International Inc. 
 
6) For the Neutral Cleaning Process, the near neutral cleaning agent is Decon Neutracon 
supplied by Decon Laboratories Ltd. 
4.1.1.2 Processes and Procedures 
4.1.1.2.1 ITO Surface Cleaning Processes 
The 5 surface cleaning processes that are been used in this research are namely the 3 Wet 
cleaning methods of Alkaline, Organic and Neutral and the 2 Dry cleaning methods of 
UV-Ozone and Oxygen-Plasma. 
4.1.1.2.1.1 Wet Cleaning Methods 
1) Alkaline Cleaning Process 
- Rinse ITO substrates with DI water 
- Warm-up Ultrasonic bath with 2% (by weight) Deconex in DI water to 50oC 
- Degas this solution for 10mins 
- Ultrasonic clean with samples immersed in this solution for 5mins 
- Rinse thrice with DI water (replace with fresh DI water for each time) 
- Ultrasonic clean with samples immersed in DI water for 15mins at 50oC 
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- Rinse thrice with DI water 
- Immerse in DI water for 20mins 
- Rinse thrice with DI water 
 
2) Organic Cleaning Process 
- Rinse ITO substrates with DI water 
- Ultrasonic clean in Acetone for 45mins 
- Rinse thrice with DI water 
- Ultrasonic clean in IPA for 45mins 
- Rinse thrice with DI water 
- Warm-up Ultrasonic bath with samples in DI water to 50oC 
- Ultrasonic clean for 10mins 
- Rinse thrice with DI water 
 
3) Neutral Cleaning Process 
- Rinse ITO substrates with DI water 
- Warm-up Ultrasonic bath with 2% (by weight) Neutracon in DI water to 50oC 
- Degas this solution for 10mins 
- Ultrasonic clean with samples immersed in this solution for 7mins 
- Rinse thrice with DI water 
- Ultrasonic clean with samples immersed in DI water for 15mins at 50oC 
- Rinse thrice with DI water 
- Immerse in DI water for 20mins 
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- Rinse thrice with DI water 
4.1.1.2.1.2 Dry Cleaning Methods 
1) UV-Ozone Cleaning Process 
- Wipe Aluminum foil with IPA 
- Wipe ITO substrates with IPA 
- Put substrates on Aluminum foil and place foil into UV-Ozone cleaner 
- UV-Ozone clean for 10mins 
- Remove substrates and wrap in the same Aluminum foil 
 
2) Oxygen-Plasma Cleaning Process 
- Wipe ITO substrates with IPA 
- Place substrates into Oxygen-Plasma cleaner with the following parameter 
settings: 
   Pressure Set: 250mtorr 
   RIE RF Power Set: 100Watt 
   O2 Set: 10sccm (this is the oxygen flow-rate) 
   Process Time Set: 600s (this is the clean time; 10mins) 
   Base Pressure Read: 50mtorr 
- Remove the substrates and wrap in Aluminum foil 
4.1.1.2.2 Contact Angle Measurement Procedures 
Contact angles are measured by the sessile drop technique, using a Contact Angle 
Goniometer with a built-in inclinable setup at room temperature in air as shown in Figure 
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4.1. All three types of angles, Sessile (SCA), Advancing (ACA) and Receding (RECA), 
were measured for freshly cleaned samples of the Wet cleaning processes. However for 
the Dry cleaning processes, due to extremely low contact angles (~0
o
) been observed on 
freshly cleaned samples, their surface degradation or ageing behavior with respect to time 
was probed using SCA. The freshly cleaned substrates are left in a general air-
conditioned laboratory environment, not under direct airflow, for 90 minutes with contact 
angle readings taken at appropriate intervals. There is also no measurable value of ACA 
and RECA for freshly cleaned samples. At angles close to 0
o
, the drop will slide the 
moment the stage is tilted. Hence, ACA and RECA which is both close to 0
o
 do not give 
a measurable hysteresis. Care has been taken to minimize the effect of human influence, 
e.g. sneezing, coughing, dust etc, on the substrates during all measurements. The 
experimenters wore proper experiment attire such as lab-coat, facemask and sterile gloves. 
 
In the actual measurement, an ITO substrate is placed onto the sample stage, as shown in 
Figure 4.2, of the CAG and a liquid drop of 1l of DI water (water from (2) of Section 
4.1.1.1.2) is deposited onto the substrate using the syringe and plunger device shown in 
Figure 4.3. A projected image of the liquid droplet, as shown in Figure 4.4, was captured 
using the camera. The SCA was measured directly and instantaneously through the built-
in software that comes with the CAG. In Figure 4.5, we can see the droplet in the viewing 
screen of the software with cross-hair shown for targeting the drop to be measured and 
tangents for the angle at both ends of the droplet. The final SCA value is the mean of the 
angle at these two ends. For the measurement of SCA, it is important that the 
measurement is carried out within 30s of the drop being deposited onto the substrate. If 
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not, the measurement would not be accurate as the drop would have started to evaporate 
and the SCA would tend towards the RECA, giving a smaller value. The reported values 
are the average of 10 drops placed and measured on 5 different 25x25mm ITO substrates 
(2 drops per sample) for each cleaning process. 
 
 
Fig. 4.1: Set-up of the Goniometer showing 
the drop been deposited onto the sample on 
the sample stage. The camera and light-source 
found on the two sides of the sample stage is 
used to capture the projected drop image for 
measurement purposes.  
 
 
Fig. 4.2: Sample and sample stage.  
 
 
Fig. 4.3: Syringe and plunger system used to 
deposit the 1 micro-liter droplet onto the 
sample. The needle tip must be flat-ended and 
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Fig. 4.4: Software screen view of a projected 
sessile drop use for the measurement of 
sessile contact angles.  
 
 
Fig. 4.5: Software screen view showing the 
cross-hair that is used to target the sessile drop 
for measurement and the tangents for 
measuring the angle at both ends of the drop.  
 
For measurement of the ACA and RECA, the set-up is tilted as shown in Figure 4.6 
together with the sample until the liquid droplet begins to move. When the liquid droplet 
just starts to move, we take a measurement. Again, the projected drop image is captured 
as shown in Figure 4.7 and the ACA and RECA will be measured by the software. The 
reported values are the average of 5 drops placed and measured on 5 different 25x25mm 
ITO substrates (1 drop per sample) per cleaning process. 
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Fig. 4.6: Entire Goniometer set-up is tilted 
with the sample, in order to capture images 
for measurement of Advancing and Receding 
Contact Angles.  
 
Fig. 4.7: As the entire Goniometer set-up 
including the camera tilts together with the 
sample, we are able to capture the projected 
image of a tilted drop and measure it the same 
way as an un-tilted sessile drop. The left-end 
of the droplet gives the Advancing and the 
right-end of the droplet gives the Receding 
Contact angle.  
 
For the ACA and RECA, bigger droplets are used. The bigger size is required just to give 
the droplet enough weight to slide down the sample. Due to these bigger droplets, we are 
sometimes unable to fit the entire projected image into a single viewing screen (screen 
size fixed). Hence, we have to take a measurement of the ACA and move the sample 
stage for the camera to capture the RECA. From experience, it is generally easier to 
measure the ACA first followed by the RECA. For this measurement, the time within 
which the measurement has to be made is not 30s upon depositing the droplet. The 30s 
count should start from the critical moment when the drop starts to slide. Strictly 
speaking, the measurement should be made when the drop is on the point of but not yet 
sliding. From experience, this would take some practice to achieve. 
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Measuring SCA of sessile drops is a quick and simple way of obtaining a rough reference 
to the quality of the surface we are concerned with. This is a fairly robust way of surface 
quality control on a production line where measurements have to be quick and easy. The 
deviation of this contact angle on a uniform surface should be less than +/-1
o
. The SCA 
of a surface can be anywhere between the ACA and RECA and it appears to be a 
coincidence that it is a reproducible measurement. 
 
The ACA and RECA are the two extremes of the contact angles for a particular surface 
and they are the only two angles that will always be reproducible at approximately the 
same two values. In fact, ACA and RECA are considered as the only „physically 
significant‟ values for surface wettability measurements in certain publications. However, 
they are difficult and time consuming to measure and very sensitive to any surface 
roughness or heterogeneities. Due to this fact, the allowable deviations for these two 




. Furthermore, they are seldom if never used for normal 
everyday quality control checks for surfaces on a production line or other purposes that 
requires a quick reference result. 
4.1.2 Surface Patterning 
Before complete OLED devices can be made, the ITO surface has to be patterned into the 
required design for subsequent layers to be added on. In this work, a 6-diode PLED 
display pattern was used. It is a standard pattern that has been used previously just like 
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the patterning procedures are standard photolithography processes. In this section, the 
process steps and parameters will be reported as they are carried out. 
4.1.2.1 Equipment and Materials 
Given below in two separate sections are the list of equipment and materials that have 
been used for this portion of the work: 
4.1.2.1.1 Equipment 
1) The spin-coater (Model: CEE 100; SN: 2031045) used in the spin-coating of the 
photo-resist materials is supplied by Brewer Science. 
 
2) The hotplate (Model: HP-150) used for baking of the photo-resist materials is supplied 
by Sawatzki Technology. 
 
3) The ultraviolet lamp (B39721 UV Flood Lamp with Zip Shatter & Light Shield; Model 
2000 Flood) used in the curing of the photo-resist materials is supplied by Dymax Co. 
 
4) The Oxygen-Plasma Cleaner (Sirus RIE Etch System) used in the cleaning of the 
surface just before the printing process is supplied by Trion Technology. 
 
5) The optical microscope (Olympus Metallurgical Microscope; Model: BX60; SN: 
OB02707) used for general observation of the patterned surface is supplied by 
Olympus America Inc. 
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6) The surface profiler (KLA-Tencor P-10 Surface Profiler) used for certain 
measurements of the photo-resist and ITO coating is supplied by KLA-Tencor Co. 
4.1.2.1.2 Materials 
1) The photo-resist (AZ 5214-E PHOTORESIST) material is supplied by Clariant Co. 
 
2) The developer (AZ 400K DEVELOPER; Batch: DEAZ027514) used in developing the 
photo-resist is supplied by Clariant Co. 
 
3) The etching agent (Hydrobromic Acid 48% or HBr; Batch: 0416500) used in etching 
of the ITO layer is supplied by Thermo Fisher Scientific Inc. 
 
4) The stripping agent (AZ 300T PHOTORESIST STRIPPER; Lot No.: USGA 004625) 
used in removing the remaining uncured photo-resist is supplied by Clariant Co. 
4.1.2.2 Processes and Parameters 
1) Spin-Coating of Photo-resist 
A positive photo-resist (AZ 5214-E) was used as the resist for spin-coating in a standard 
photolithography process. The spin-coater was programmed to follow a spinning curve as 
shown in Figure 4.8. The coater first follows a material distribution phase where its speed 
is increased constantly from stationary to 500rpm (rounds per minute) with a rate of 
increase or gradient of 500rmp (rpm per second). It is then maintained at this speed for 5s 
before accelerating to the actual spinning phase at 4000rpm with a rate of increase of 
1000rmp. It is maintained at this speed for 30s before decelerating to stationary. The 
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deceleration phase was determined internally by the coater with no control by the 
operator. However, a rough estimate puts the deceleration from 4000rpm to stationary at 
5s, with an approximately constant rate. 
 
From observation, a higher speed is desirable during spin-coating as the final resist layer 
is thinner and solvents can be baked out of it more easily. However, spinning at this high 
speed for too long will cause resist to build up at the edges, causing a thicker edge that 
may be harder to remove later on in the photolithography process. 
 






















Fig. 4.8: Spinning curve used on the Spin-Coater.  
 
2) Soft-Baking of Photo-resist 
After the resist is spun on, the substrates are immediately baked directly on a hotplate for 
10mins at 100
o
C. This is known as Soft-Baking, an initial baking phase to harden the 
resist for the ultraviolet curing and developing steps. During baking, the substrates should 
not be covered with any objects, such as glass-beakers or petri-dishes of any sort, as 
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solvents will not be able to escape effectively from the resist and the resist will not be 
able to cross-link and harden properly. This will result in problems later on, as the 
resulting resist is relatively soft and could be removed before intended. 
 
3) Ultraviolet Curing of Photo-resist 
After the soft-baking, the substrates are subjected to ultraviolet radiation curing to „break-
down‟ the resist material into the required pattern to enable patterning of the ITO layer 
later on in the process. The resist that is in use here is positive resist, meaning that areas 
that are exposed to the UV light will „break-down‟ and be removed. For a negative resist, 
the opposite happens and areas that are exposed will cross-link to form the pattern. A 
shadow-mask as shown in Figure 4.9 is used for this process. This mask is able to pattern 
1 50x50mm ITO substrate with 24 diodes or 4 25x25mm ITO substrate with 6 diodes 
each. The samples are held in contact with the underside of the mask using tape and then 
placed under the UV lamp for curing. The samples used in this work are 25x25mm 
samples. Hence, 4 samples of 6 diodes each can be cured at any one time. Figure 4.10 
shows where resist materials will not be „broken-down‟ on a 25x25mm sample after been 
cured. The black strips will be where resist materials will remain after the developing 
process to generate the pattern. 
 
During curing, it is important to maintain a constant lamp to sample distance for all 
samples, as distance and intensity of the lamp have a strong effect in the curing process. 
When a new UV lamp is used, the exposure time of the resist to the UV radiation may be 
extremely short. However, as the lamp degrades over time due to usage, the exposure 
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time for the resist layer may have to be increased. For this work, due to a relatively new 
lamp having been used, the exposure time was only 1s. 
 
 
Fig. 4.9: Shadow-mask used for UV curing 
of samples in the photolithography process.  
 
Fig. 4.10: View of how a 25x25mm ITO 
substrate would look like after been 
patterned. The actual substrate was not 
captured here, as ITO is transparent and very 
difficult to capture on normal camera. 
 
4) Chemical Developing of Photo-resist 
After the UV curing process to „break-down‟ unwanted photo-resist, the substrates are 
developed using a chemical known as a developer (AZ 400K) to remove the „broken-
down‟ resist. This is known as Developing. The final product of this step is a substrate 
surface with the resist layer having a pattern as shown in Figure 4.10. 
 
5) Post-Baking of Photo-resist 
After the developing process, the substrates with their patterned resist layer are subjected 
to another baking process directly on the hotplate known as Post-Baking. This process 
lasts for 20mins at a temperature of 120
o
C. The purpose of this is to harden the resist 
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further in order to withstand the subsequent step of etching the ITO surface into the 
required pattern using special etching chemicals. 
 
6) Chemical Etching of ITO surface 
After the final post-baking process, the ITO surface is etched into the required pattern 
using Hydrobromic Acid (HBr). The acid is heated up to 35
o
C and the substrates are 
immersed in it for 4mins. The ITO surface will also be etched into the pattern as shown in 
Figure 4.10. The required pattern is protected under the photo-resist and the unprotected 
areas are removed. The photo-resist that has been protecting the ITO beneath them will 
have to be removed in the next process known as Stripping. 
 
7) Chemical Stripping of remaining Photo-resist 
After the ITO surface have been patterned, the resist layer having fulfilled its purpose 
will be removed by a chemical known as a stripper (AZ 300T) in a process known as 
Stripping. The chemical is heated up to 35
o
C and the samples are immersed in it and 
ultrasonically agitated for 10mins. Finally, we will get the ITO surface in the pattern as 
shown in Figure 4.10, where the black strips are where ITO will remain to form 
conductive anodes for the polymer diodes. 
 
8) Oxygen Plasma Treatment of Patterned ITO Substrate 
After etching of the ITO and stripping of the final resist material from the substrate 
surface, the substrates are put through a final oxygen-plasma treatment to remove any 
residual contaminants. The parameters that are used for this treatment is as shown in 
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Table 4.1. The substrates are now ready for the next step of the experiments which is 
inkjet printing. 
 
Table 4.1: Parameter setting for the Oxygen-Plasma Cleaner in the final treatment.  
Parameter Setting 
Pressure Set 280 mtorr 
RIE RF Power Set 100 Watt 
O2 Set 20 sccm 
Process Time Set 120 s 
Base Pressure Read 40 mtorr 
 
NOTE: Different batches of ITO-coated glass substrates may have slightly differing 
properties. They will behave differently when subjected to the same patterning process, 
similar to when a different machine or parameter setting is used. From experience, each 
new batch of glass must be tested to obtain an appropriate set of parameter settings that 
will result in good patterned features. 
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Fig. 4.11: Summary of Processes and Parameters for ITO Surface Preparation.  
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• Pressure Set: 280mtorr 
• RIE RF Power Set: 100Watt 
• O2 Set: 20sccm 
• Process Time Set: 120s 
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4.2 Drop-on-Demand Inkjet Printing Process 
4.2.1 Equipment and Materials 
4.2.1.1 Drop-on-Demand Inkjet Printer 
4.2.1.1.1 Hardware 
The equipment that was used is a Litrex 80L inkjet printer supplied by Litrex Co. and 
built for research work, as shown in Figure 4.12. This system utilizes piezoelectric inkjet 
technology engineered to meet the stringent tolerances and materials requirement for 
making electronic displays. Here, droplets are ejected due to the fluctuating action of 
piezo-crystals under a supplied voltage pulse. This system is designed to take multiple 
models of heads from a few selected print-head manufacturers, each one featuring unique 
strengths, weaknesses and resolutions.[41] Within the main printing compartment of this 
inkjet system is a gantry arm shown in Figure 4.13 that holds all the print-head, materials 
supply lines, solvent supply lines and pressure lines over the movable XY-table that holds 
the substrate. Figure 4.14 shows the mounted print-head assembly on the gantry arm. In 
Figure 4.15, we see the un-mounted print-head assembly. This is the assembly that does 
the actual dispensing of materials within the inkjet printer supported by the gantry arm. 
The print-head or nozzle bar, which will be introduced in the next section, is mounted on 
this assembly at the position indicated by the arrow sign. As the PLED production 
process is very sensitive to contaminants, ex. dust, the machine is located within a 
Cleanroom facility. The figures are yellow tinted because some of the materials that are 
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used in PLED fabrication are sensitive to white-light and hence, only yellow-light is 
allowed within the facility. 
 
 
Fig. 4.12: Litrex 80L Inkjet Printer.  
 
 
Fig. 4.13: Gantry Arm holding the Print-
head Assembly. 
 
Fig. 4.14: Mounted Print-head Assembly.  
 
Fig. 4.15: Print-head Assembly. 
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Table 4.2: Brief Technical and Performance Specifications of Litrex 80L inkjet printer.[41]  
Number of Print-head Assemblies at a time 1 
Maximum Substrate Dimensions 200x200 mm 




Rotational Adjustment +/- 1 m 
Movement Accuracy +/- 5 m 
Drop Placement Accuracy +/- 25 m 
Maximum Print Speed 100 mm/s 





The software that comes with the Litrex 80L inkjet system is used to drive the XY-table, 
fire the print-head and operate other components of the system hardware. On top of that, 
the software allows automated optical alignment of the print-head and substrate, nozzle 
inspection, print-head maintenance and drop image analysis.[41] System operation and 
printing is controlled by an experienced operator through a graphical user interface (GUI) 
displayed on the system computer‟s touch screen monitor. For this work on optimizing 
piezoelectric pulse profile parameters using standard deviation of ejected drop properties 
and influence of temperature of substrate on single printed droplets, we will need to be 
able to carry out functions such as drop analysis and basic substrate printing. Hence for 
this brief introduction on the software aspects of the Litrex 80L system, we will only 
touch on these required areas. 
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For viewing and analysis of fluid droplets fired from the print-head nozzles, we have to 
select the Drop View sub-menu from the main menu of the GUI. This sub-menu provides 
a host of different functions to be carried out using commands found within them other 
than just drop analysis. These include selection of pulse profile parameters, nozzles to 
fire and calibration of the print-head. However, only the main functions relating to drop 
data collection will be highlighted. A sample of the GUI screen for the system is shown 
in Figure 4.16. The Drop View sub-menu when called upon is located at the lower right 
corner of the screen with four functional tabs (Fire/Acquisition, Nozzle Selection, 
Calibrate, Analysis) each performing a different function of the print-head system. 
 
 
Fig. 4.16: Fire and pulse options of the Fire/Acquisition tab within the Drop View sub-menu.  
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In Figure 4.16, the Fire/Acquisition tab is selected. This tab allows us to select the 
frequency at which the drops are fired and the pulse profile parameters under which the 
print-head is operating. The frequency that we have used for our experiments is 400Hz. 
The main screen‟s (section of the screen where we can see three black dots; these are 
actually captured images of the ejected droplets.) brightness and contrast between the 
image of the captured droplets and the background is also adjusted here. A strobe light is 
used in this system to illuminate the image of the droplet during capturing. This 
brightness and contrast must first be adjusted to a desired level before doing any 
calibration or analysis of ejected droplets. 
 
 
Fig. 4.17: Nozzle selecting options of the Nozzle Selection tab within the Drop View sub-menu.  
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Figure 4.17 shows the Nozzle Selection tab which allows us to select which are the 




Fig. 4.18: Calibration options of the Calibrate tab within the Drop View sub-menu.  
 
Figure 4.18 shows the Calibrate tab which allows us to calibrate the print-head position, 
rotation and the XY-table position etc. Calibrating the system is important, as it fixes the 
position of all the different components of the system relative to one another and allows 
printing, drop analysis or viewing to be carried out accurately. 
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Fig. 4.19: Drop analysis options of the Analysis tab within the Drop View sub-menu.  
 
Figure 4.19 shows the Analysis tab of the Drop View sub-menu. The analysis function is 
used to evaluate nozzle performance as well as material formulation[41]. The Volume, 
Velocity, Directionality and Circularity data of the ejected droplets are measured and 
collected for the specified number of nozzles and droplet samples per nozzle. The drop 
data is exported to an Excel spreadsheet. This data provides a relative, not absolute, 
performance measurement based on the number of nozzles and drop samples taken. 
 
Three important parameters here are the Area Size Limit, Circularity Limit and Threshold 
Offset. Other than brightness/contrast settings, these three parameters will also have to be 
adjusted to get the best possible droplet data from the print-head. The objective is to get 
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the software to capture the drop that is roundest and clearest (these will be highlighted in 
green on the screen) as they are ejected from the nozzle plate during analysis. 
 
Increasing the Area Size Limit will filter the drop satellites from being analyzed by the 
software. Any satellites other than the main drop seen on the screen will be highlighted in 
red and rejected. Increasing the Circularity Limit (0-1), which measures the vertical and 
horizontal ratio of the drop, will enhance the consistency of the volume measurement but 
increasing the rejection rate of droplets. Increasing the Threshold Offset (0-256) will 
decrease the accuracy of drop volume and circularity measurement, by changing the main 
screen background grayscale. A Threshold Offset significantly above or below 40 may 
cause the drops to be rejected during analysis. 
 
 
Fig. 4.20: A sample of part of a GMP file that is used for printing purposes.  
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For printing purposes, the system is able to print using two types of files; a Glass 
Maintenance Printer (GMP) file or a Bitmap file with the actual image and resolution 
drawn and specified within. For the purpose of this work, only the GMP file is required. 
 
The Substrate Parameter file, commonly known as the GMP or Recipe file, is crucial to 
the function of the Litrex 80L system as it specifies the substrate geometry and the 
feature pattern to be printed. It also includes printer maintenance settings, printer settings, 
system settings and camera settings etc that can be edited for each individual user‟s 
purposes. The GMP file comes in an Excel file format. The operator makes amendments 
to this file according to the printing requirements. The edited GMP files are updated 
through the system software and its commands transmitted to the print-head controls. 
4.2.1.2 Print-Head 
4.2.1.2.1 Hardware 
The print-head that was available for usage is a Spectra SX3 (SN: 1501191) supplied by 
Dimatix Inc. as shown in Figure 4.21. It is a multiple nozzle jetting assembly that has 128 
nozzles in a single straight line at 508 microns between nozzles. The nozzles are 
controlled alternately by two electrically independent piezoelectric slices. Each slice 
operates 64 nozzles.[42] Each of the piezoelectric slices can be individually controlled by 
their own supplied electrical pulse signal. These two individual voltage pulse signal 
amplitudes are known as Channel 1 and Channel 2. The Channel 1 signal controls all the 
odd numbered nozzles and Channel 2 controls all the even numbered nozzles. The 128 
nozzles are numbered 0 to 127. 
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Fig. 4.21: Spectra SX3 Print-head  
 
Given in Table 4.3 below are some of the technical and performance specifications of a 
Spectra SX3 print-head. 
 
Table 4.3: Brief Specifications of Spectra SX3 print-head.[42]  
Number of Nozzles 128 
Nozzle Spacing 508 m 
Nozzle Size 19 m 
Calibrated Drop Size 8 picoliters 
Nominal Drop Velocity 8 m/s 
Maximum Operating Temperature 70 
o
C 
Maximum Operating Frequency 10 kHz 
 
4.2.1.2.2 Piezoelectric Voltage Pulse Signal Profile 
 
Fig. 4.22: Profile of Voltage Pulse Signal used to control piezoelectric elements on print-head.  
Width 
Rise Time Fall Time 
Amplitude 
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Shown schematically in Figure 4.22, is the pulse profile of the voltage pulse signal used 
to activate the piezoelectric slices of the Spectra SX3 print-head. The Amplitude is the 
maximum voltage of the supplied pulse signal. The Width is the length of time at which 
the voltage of the supplied pulse signal is kept at its Amplitude. The Rise Time is the 
amount of time that the supplied signal needs, in order to reach its Amplitude. The Fall 
Time is the amount of time that the supplied signal needs, in order to go back to its 
original level from its Amplitude. All of the four above mentioned quantities are 
controllable parameters for the inkjet printing process. As stated before, each of the 
piezoelectric slices is controlled by their own individually supplied pulse signal. However, 
only the Amplitude of these signals can be controlled independently. They share the same 
Width, Rise Time and Fall Time. Hence, there are five individually controllable 
parameters which are Channel 1 pulse Amplitude (CH1), Channel 2 pulse Amplitude 
(CH2), pulse Width (W), pulse Rise Time (R) and pulse Fall Time (F). 
4.2.1.3 Dispensed Material 
The material used as ink in the inkjet printer for drop analysis is an aqueous dispersion of 
the intrinsically conductive polymer; PEDOT:PSS (Baytron®  P VP CH 8000; Lot no.: 
BPSU0003) supplied by H. C. Starck Inc. The formulated ink has a solids content of 
approximately 2.5% by weight.[43] This formulation is developed for the formation of 
thin, uniform intermediate HTL layers between the ITO anode and the EL layer of a 
PLED. The use of this HTL leads to significantly improved device performance by 
smoothening the anode surface and facilitating hole transportation. Properties like a small 
mean particle size and a narrow particle size distribution allow for the creation of a 
smooth surface on the ITO anode, so that electrical “shorts” in the LED devices can be 
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reduced to a minimum.[44] This ink is also formulated with a greatly reduced inherent 
conductivity within the polymer, in order to significantly reduce the occurrence of “cross-
talk” between pixels in small pixel array displays. Summarized in Table 4.4, are some of 
its performance and characteristic properties. 
 
Table 4.4: Brief Characteristics of Baytron P VP CH 8000 PEDOT:PSS.[44]  
Form Liquid 
Odor Weak or Odorless 
Color Blue 
Boiling Point ~ 100 
o
C 
Density at 20 
o
C ~ 1 g/cm
3
 
pH at 20 
o
C 1.2 to 1.8 
Solid content by weight 2.5 to 3 % 







4.2.1.3 Other General Testing Equipment 
1) An optical microscope (Olympus Metallurgical Microscope; Model: BX60; SN: 
OB02707) supplied by Olympus America Inc. was used for the general observation of 
printed droplets. 
 
2) A white light interferometer (WYKO NT1100 Optical Profiling System) supplied by 
Veeco Instru. Inc. was used for the surface and cross-sectional profiling of printed 
droplets. 
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4.2.2 Methodology Developed for Optimizing Pulse Profile 
Parameters 
Before actual printing of any material onto the ITO substrates, the parameters that 
determine the voltage pulse signal used to control the ejection of droplets from the print-
head need to be selected. As stated in the previous section, there are altogether 5 different 
parameters that had to be set in order to determine the pulse profile. These parameters are 
Channel 1 pulse Amplitude (CH1), Channel 2 pulse Amplitude (CH2), pulse Width (W), 
pulse Rise Time (R) and pulse Fall Time (F). With these many parameters, a 
methodology has to be developed for a systematic optimization of these parameters. 
4.2.2.1 Overview of the Methodology 
Taguchi Design Experiment (TDE) method is widely used as a quality control tool in 
research and industries. From limited experimental data, it is a convenient method to 
achieve better processing conditions. Relationship between pulse profile and drop 
properties will be investigated using TDE method and the analysis will be carried out 
using Level Average Analysis (LAA). 
 
For TDE methods, only interactions between 2 of the main factors, meaning 2-way 
interactions, are considered. Including too many interactions, and also interactions 
between too many main factors, within the experimental design can result in the 
experiment becoming very time consuming and expensive to carry out. Furthermore, 
interactions between more than two different main factors at the same time is rarely 
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present and normally of very small influence on the final experimental results. Carefully 
selecting the main factors and defining the quality characteristics of interest can greatly 
reduce the need of incorporating too many interactions into the experimental design.[45] 
 
LAA is used for data analysis of experiments designed using TDE Methods. LAA 
determines the average results of quality characteristics obtained from experiments for 
different factor and interaction level settings and analyzes the importance of factors and 
interactions based on these results. The objective of this analysis is to identify the most 
significant effects amongst the factors or interactions considered in the design and 
determining the combination of factors and interactions that can produce the most 
desirable results.[46] 
 
Using the Litrex 80L inkjet system with its drop analysis software, we can collect the 
experimental data for the required analysis. Figure 4.23 is the schematic layout for the 
flow of the entire data collection and analysis process. Referring to the Figure, after 
designing the experiment using TDE methods involving the main parameters and 2-way 
interactions, the data was collected accordingly. From the three types of data of Drop 
Volume, Velocity and Directionality, the standard deviations for each of them can be 
calculated. Following that, LAA was applied to these standard deviation data, which were 
used as quality characteristics for the analysis.  
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Fig. 4.23: Schematic flow of the data collection and analysis process.  
 
To ensure better drop uniformity in the droplets that were obtained from the inkjet system, 
a smaller standard deviation for all three types of properties was more desirable. Hence, 
for our analysis using LAA, any standard deviation data comparison or selection was 
based on the criteria that Smaller-is-Better. From TDE and LAA, we can obtain a set of 
relatively optimized pulse profile parameters for smaller standard deviations in volume, 
velocity and directionality; a Preferred Parameter Set. For factors that were found to have 
a minimum effect on the quality characteristics of interest according to the analysis, the 
most cost effective or simple setting can be used. In some situations, as in this research, 
two or more supposedly preferred parameter sets can be obtained based on analytical 
conclusions. Using these preferred parameter sets and the Prediction Equation (PE) of the 
Taguchi Design 
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LAA method, predicted values for the property standard deviations can be calculated. For 
these preferred parameter sets, actual drop property data was collected in experimental 
runs known as Confirmation experiments. The standard deviation data for these runs was 
compared with the standard deviation results predicted by the PE. 
 
Other than using the PE from LAA, we can also use a general Regression Model to 
estimate a theoretical result for the different standard deviations. This model is a more 
theoretical method that gives a more reasonable predicted result through multiple 
iterations[47]. This is the method that we adopted for this research. 
 
When there is only one preferred parameter set, the set can be implemented if the 
difference between the predicted and confirmation experiment is small or within a 
specific limit. If the confirmation results do not meet the requirements, more experiments 
may have to be conducted to obtain settings that give better agreement between the 
predicted and experimental results. When there are two or more preferred sets, the set 
with the smallest difference between the predicted and experimental results will be 
selected as the preferred set and implemented. This preferred set can also be used as a 
reference for further experiments to obtain parameters that are further optimized. 
4.2.2.2 Actual Design of the Methodology 
For the 5 factors used to control the voltage pulse signal, there were altogether 10 
possible combinations of 2-way interactions between any 2 of the 5. Therefore, we have a 
total of 15 factors and interactions. We select the smallest TDE orthogonal array that can 
accommodate these 15 factors. The array that we have selected was an L16 (2
15
) array as 
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shown in Table 4.5, where 16 different factor setting combinations were incorporated. 
The 1‟s and 2‟s within the table represents the level setting for each of the factors. The 
two levels selected for each factor of the
 
experiment are shown in Table 4.6. We have 
selected these values with care to avoid factor setting combinations that did not allow 
drops to be ejected and that were beyond the operating range of the IJP system. A 
summary of the 5 main pulse control factors with their relevant level settings and the 
sequence of randomization used for the experiment are tabulated in Table 4.7. For the 
experiments, we used the first 64 nozzles out of the print-head‟s total of 128. 
 
Table 4.5: L16 (2
15











































































1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 2 2 2 2 1 1 2 2 1 1 1 1 2 2 
3 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 
4 2 2 1 2 1 1 2 2 1 1 2 1 2 2 1 
5 1 1 1 2 2 2 2 2 2 2 2 1 1 1 1 
6 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 
7 2 1 2 2 1 2 1 2 1 2 1 1 2 1 2 
8 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 
9 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 
10 1 2 2 2 2 1 1 1 1 2 2 2 2 1 1 
11 2 1 2 1 2 1 2 2 1 2 1 2 1 2 1 
12 2 2 1 2 1 1 2 1 2 2 1 2 1 1 2 
13 1 1 1 2 2 2 2 1 1 1 1 2 2 2 2 
14 1 2 2 1 1 2 2 2 2 1 1 2 2 1 1 
15 2 1 2 2 1 2 1 1 2 1 2 2 1 2 1 
16 2 2 1 1 2 2 1 2 1 1 2 2 1 1 2 
(1) Control factors CH1, CH2, W, F and R are also known as main effects in TDE; 
(2) Other factors are interaction effects according to TDE. They can be identified by the 
“*” sign between 2 different main effects. 
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Table 4.6: Level settings for the different factors for Taguchi Design Experiment.  
Factor-Level CH1 (V) CH2 (V) W (μs) F (μs) R (μs) 
1 55 55 45 40 40 
2 45 40 30 20 20 
(1) CH1 and CH2 have units of voltage (V); 
(2) W, F, R in units of micro-seconds (μs) is not actual time, but a unit defined by Litrex. 
W can be converted to real time in micro-seconds by multiplying a factor of 0.125. F 
and R can be converted to real time in micro-seconds by multiplying a factor of 0.1. 
 
Table 4.7: The 5 main control factors, their level settings and the randomization sequence used.  
RUN CH1 (V) CH2 (V) W (μs) F (μs) R (μs) 
Randomization Sequence 
with 3 repeats 
1 55 55 45 40 40 44 35 43 
2 55 40 30 20 20 31 17 39 
3 45 55 45 40 20 2 22 38 
4 45 40 30 20 40 23 15 33 
5 55 55 30 20 40 4 40 30 
6 55 40 45 40 20 32 3 10 
7 45 55 30 20 20 21 45 20 
8 45 40 45 40 40 46 47 24 
9 55 55 45 20 20 19 27 11 
10 55 40 30 40 40 48 7 42 
11 45 55 45 20 40 6 34 5 
12 45 40 30 40 20 26 25 41 
13 55 55 30 40 20 29 37 9 
14 55 40 30 20 40 18 14 12 
15 45 55 30 40 40 36 28 8 
16 45 40 45 20 20 13 1 16 
(1) The 5 main control factors with their relevant level settings are summarized here. 
(2) The randomization sequence is numbered from 1 to 48 for the 48 experimental runs. 
 
Each inkjet printing factor combination or parameter set had 3 repeats, giving a total of 
48 experimental runs that were carried out in a completely randomized order. Using the 
replication form of randomization, all experimental runs were mixed and each has an 
equal chance of being randomly chosen. Randomization reduces systematic bias that is 
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possible as a result of data generation and collection. It also reduces the effect of 
unrelated factors and other influences that are not to be considered during the experiment. 
In addition, replication completely randomizes the experiment and this can prevent bias 
both between and within experiments. Setup changes that results in errors can be more 
evenly distributed between the different data collected. Other then that, data collection 
errors due to human bias can also be reduced using replication.[48] 
 
Using TDE methods and LAA in the procedure as introduced, we can obtain parameter 
sets that were deemed to be more optimized. The experimental confirmation and 
theoretical prediction results that were obtained using these sets were compared against 
one another. For this research, two parameter sets were shortlisted as being better 
optimized sets. After comparing the two results, we can conclude statistically that one of 
the parameter sets can be implemented as the preferred parameter set. However, in order 
to further prove the statistical conclusion, we carried out printing of PEDOT:PSS droplets 
on ITO substrates and compared the different printed results to provide an experimental 
conclusion. If the results were similar, then the settings used for the preferred parameter 
set can be implemented as preferred settings for the 5 different control factors. 
4.2.3 Influence of Temperature on Profile of Printed Single 
Droplets 
To obtain uniform thin-films or any other printed features, it can be useful to first look at 
and characterize a single printed droplet. After obtaining the preferred parameter set that 
gives us known and better drop uniformity, we went on to investigate the influence of 
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temperature of the ITO substrates on the dried profile of single printed droplets. Using 
the Litrex 80L inkjet system, droplets were printed onto ITO substrates held at different 
temperatures. Following this, the white light interferometry based Optical Profiling 
System, was used to capture images of their dried profiles. These profile images were 
investigated to give us some understanding of the drying behavior of the droplets with 
respect to temperature. The droplets that we have printed are ~10pl in volume and they 
are printed at a standoff (separation distance between nozzle and substrate) of 0.4mm. 
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5. RESULTS, DISCUSSIONS AND CONCLUSIONS 
5.1 Indium-Tin-Oxide Surface Preparation Process 
5.1.1 Surface Cleaning 
In this section, we report Sessile (SCA), Advancing (ACA) and Receding (RECA) 
Contact Angles that are measured from DI water droplets deposited on ITO surfaces 
treated using different cleaning processes. We also present the Contact Angle Hysteresis 
of these substrates. For processes that produce contact angles that are too low (~0
o
) to be 
measured by the measuring instrument, ageing effect of these freshly cleaned ITO 
substrates with respect to time is documented. The evaluation of contact angle, ageing 
and hysteresis allows us to better understand the surface of these substrates and possible 
modifications by these cleaning processes. Raw data can be found in Sections A1.1 to 
A1.5 of the Appendix. 
5.1.1.1 Results and Discussions 
Table 5.1 summarizes the SCA results for the 5 different cleaning processes with Figure 
5.1 showing them in a graphical manner for better visualization. The column labeled as 
cos() is simply the cosine value of the Average SCA and we do not consider any 
standard deviation for it. 
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Table 5.1: Summary of the Average Sessile Contact Angles.  
Cleaning Process Average SCA, θ (o) Standard Deviation cos(θ) 
UV-Ozone 0 0 1 
Oxygen-Plasma 0 0 1 
Alkaline 8.6 1.3 0.989 
Neutral 54.1 0.7 0.587 
















Fig. 5.1: Graphical representation of the relative positions of the various Sessile Contact Angles.  
 
Table 5.2 summarizes the results of the ACA for the 5 processes with their corresponding 
graphical representation shown in Figure 5.2. Table 5.3 summarizes the results of the 
RECA with their corresponding graphical representations shown in Figure 5.3. Similarly, 
columns labeled as cos(a) and cos(r) are the cosine values of the Average ACA and 
Average RECA respectively. We do not consider their standard deviation as well. Figure 
5.4 is simply the summary of the relative positions of all the three types of contact angles. 
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Table 5.2: Summary of the Average Advancing Contact Angles.  
Cleaning Process Average ACA, θa (
o
) Standard Deviation cos(θa) 
UV-Ozone 0 0 1 
Oxygen-Plasma 0 0 1 
Alkaline 35 2 0.822 
Neutral 64.1 1.4 0.437 
















Fig. 5.2: Graphical representation of the relative positions of the various Advancing Contact 
Angles.  
 
Table 5.3: Summary of the Average Receding Contact Angles.  
Cleaning Process Average RECA, θr (
o
) Standard Deviation cos(θr) 
UV-Ozone 0 0 1 
Oxygen-Plasma 0 0 1 
Alkaline 3.3 1.0 0.998 
Neutral 23.4 0.8 0.917 
Organic 29.6 1.3 0.870 
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Fig. 5.3: Graphical representation of the relative positions of the various Receding Contact 
Angles.  
 














Fig. 5.4: Summary of the relative positions of all three types of Contact Angles.  
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We can see that for the dry cleaning processes of UV-Ozone and Oxygen-Plasma, the 
SCA turns out to be 0
o
, meaning that the surface is very hydrophilic and that it is fully 
wetting to water. The other processes from the wet cleaning procedures do not give better 
results. Alkaline cleaning process with its low values for all three SCA, ACA and RECA 
gives a better cleaned surface over Neutral and Organic processes. Furthermore, due to 
the small difference between their cosine values for SCA, ACA and RECA, we may infer 
that by looking at contact angles alone, the Neutral and Organic cleaning processes 
produce a similar surface hydrophobicity. However, they may vary in other aspects such 
as composition or surface roughness, which are beyond the scope of this work. 
 
The main source of contamination of a surface comes from atmospheric hydrocarbons 
and other organic molecules and the high contact angle results show that the Neutral and 
Organic processes are inadequate in removing them. In fact, the Organic process is only 
able to dissolve any microscopic grease or gross dirt on the ITO surface. It leaves behind 
randomly adsorbed organic molecules that will result in a patchy and non-uniform 
surface. The Alkaline process seems to be doing better. The low SCA and RECA indicate 
a mostly clean surface, with the higher ACA indicating that a few small patches of 
organic contamination are left behind. An Alkali solution has the ability to gently etch the 
ITO surface and remove hydrocarbons. However, this could produce a slightly rougher 
surface and alter the surface composition. For the UV-Ozone and Oxygen-Plasma 
processes, these processes introduce oxygen and increase the oxygen content of the 
surface, while „burning‟ away hydrocarbons. These increase the uniformity of the surface 
and remove contamination from the ITO substrate, producing a hydrophilic surface. 
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Looking at the standard deviation of these three types of contact angles, we can see that 
Organic cleaning has the largest deviation. We cannot get the tolerance as specified in 
Section 4.1.1.2.2 of 1o. This shows that the Organic cleaned surface is non-uniform and 
that droplets deposited on different positions of these surface met with different degrees 
of cleanliness. Hence, other than a surface that is not devoid of organic contaminants, we 
also have a non-uniform surface. This is to be expected as contamination is generally a 
random phenomenon. The Alkali process has the next largest deviation. For the Neutral 
process, we see that its standard deviation is the smallest amongst the wet processes, 
showing that it produces one of the most uniform surfaces. However, due to its high 
contact angles, if we assume that a clean ITO surface is fully wetting to water, we 
conclude that even though this process gives a uniform surface, it cannot remove all of 
the organic contaminants. 
Table 5.4: Summary of the Contact Angle Hysteresis.  
Cleaning Process Contact Angle Hysteresis, H 
UV-Ozone 0 
Oxygen-Plasma 0 
Alkaline 0.176  
Neutral 0.480  
Organic 0.440  
 
Table 5.4 summarizes the results for contact angle hysteresis. There is no hysteresis for 
freshly cleaned substrates using the dry cleaning processes, as the contact angles are both 
0
o
 and a slight tilt of the substrate will result in sliding of the droplet. Any ACA and 
RECA that can possibly be measured are close to 0
o
 and the difference between them is 
negligible. Hence, we can only calculate hysteresis for the three wet cleaning processes. 
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From the results, we can see that the Neutral and Organic processes give a higher 
hysteresis. This could mean that the surface is possibly rougher and definitely more 
heterogeneous, with low energy regions (presumed to be organic contaminants) that stop 
the advancing water contact line and high energy regions (presumed as bared ITO) that 
pin the receding water contact line. These two processes seem to give a fairly similar 
surface, judging solely by their hysteresis. However, since hysteresis is very sensitive to 
surface properties, other factors that we do not know about may be involved. What is 
actually happening on the surface in terms of its roughness and composition would 
require a detailed mapping of the exposed surface chemistry and substrate roughness. 
This is beyond the scope of this thesis. 
 



























Fig. 5.5: Ageing Characteristic of UV-Ozone Cleaned ITO samples.  
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Fig. 5.6: Ageing Characteristic of Oxygen-Plasma Cleaned ITO samples.  
 
The contact angles for freshly cleaned ITO substrates using the dry cleaning processes of 
UV-Ozone and Oxygen-Plasma is 0
o
. Cleaned surfaces when left in the atmosphere can 
be re-contaminated quickly by atmospheric hydrocarbons. Hence, for these two dry 
processes that give us better initial results, we measured their ageing properties with 
respect to time in conditions stated in Section 4.1.1.2.2. Figure 5.5 shows the ageing 
characteristic of the UV-Ozone process and Figure 5.6 shows the ageing characteristic of 
the Oxygen-Plasma process. 
 
From the two figures, we can see that the general trend of re-contamination of the 
substrates by atmospheric contaminants follows a similar behavior. We can also see that 
re-contamination occurs very quickly and that within 5mins, the contact angles for both 




 respectively. This 
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is sufficient to tell us that if we do not have the means to maintain a freshly cleaned 
surface at its initial conditions, then it is important that we use them immediately after 
cleaning and exposure to atmospheric air. From the comparison, we also see that the 
Oxygen-Plasma process seems to be the better process. Other than the 0
o
 contact angle 
that is achievable, its surface also degrades slower than that of the UV-Ozone process. 
Uniform wettability of the substrate is a key performance attribute for uniform wetting 
behavior of the deposited droplets, resulting in a uniform deposited film. Ambient 
contamination is random, often resulting in a non-uniform substrate surface and non-
uniform wetting behavior of deposited droplets. We have little control over this 
randomness and hence, the earlier recommendation that freshly cleaned surfaces is to be 
used at the earliest opportunity. 
5.1.1.2 Conclusions 
We have looked at and compared the contact angles that can be obtained using different 
cleaning processes. Generally, the dry cleaning processes are more efficient than the wet 
cleaning processes for removing hydrocarbon contamination and making the surface 
wettable. The wet processes tend to produce surfaces that are not fully hydrophilic and 
non-uniform. The dry cleaning processes on the other hand produce surfaces that are fully 
hydrophilic and fairly uniform. This is an important advantage when printing droplets 
that require uniform substrate wettability. Hence for our work, we selected the Oxygen-
Plasma cleaning process as the standard cleaning for the ITO substrates. It produces a 
well-cleaned surface with high wettability, which remains wettable for a longer time after 
exposure to atmospheric conditions. Furthermore, we have seen from our results that with 
our processes and proper experimental controls, we can achieve surface wettability 
Chapter 5: Results, Discussions & Conclusions 
National University of Singapore  95 of 146 
conditions that are generally better than those achieved by other researchers as 
summarized in Section 2.2.3.2. 
5.1.2 Surface Patterning 
In this section, some results for the surface patterning process are shown. Here, we are 
concerned only with getting a reasonably well patterned surface with sharp lines and 
features. Some images of the patterned surface taken under an optical microscope are 
shown to highlight what is considered as reasonable. We consider the results acceptable, 
when the patterns showed clear-cut lines and corners with small corner radiuses to the 
„naked-eye‟ under an optical microscope. Examples of data from the surface profiler that 
is used to check the thickness of the photo-resist layer, as well as the thickness of the ITO 
layer are also shown. The important thing that we are concerned with is that the processes, 
procedures and parameters are repeatable for getting similarly reasonable results. 
5.1.2.1 Results and Discussions 
The six images that made up Figure 5.7 show the different features on the patterned 
surface of an ITO substrate. The different regions of ITO, glass and photo-resist are 
labeled on the images and we can see that all the features seem reasonably sharp and 
clear. This is sufficient for our purposes in this work. 
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Fig. 5.7: Various locations on a patterned ITO substrate showing reasonably sharp features under 
an optical microscope. (5x magnification)  
 
Figure 5.8 shows the data from a surface profiler that is used to measure the thickness of 
the spin-coated photo-resist layer. Figure 5.9 shows the data from the same surface 
profiler that is used to measure the thickness of the ITO layer. From Figure 5.8, we can 
see that with the parameters we have used for our spin-coater, the photo-resist layer is 
~1.5m thick. From Figure 5.9, we can see that the ITO layer that is pre-coated on the as-
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Fig. 5.8: Data image of the thickness of a photo-resist layer taken by the Surface Profiler.  
 
 
Fig. 5.9: Data image of the thickness of an ITO layer taken by the Surface Profiler.  
 
5.1.2.2 Conclusions 
For this section of the work, the patterned features that we have obtained are reasonably 
sharp and sufficient for our purposes. Also, the processes and parameters have been 
shown to be repeatable and relatively stable for the materials and machines that have 
been used. Repeated patterning of different ITO substrates has been carried out without 
any major problems. 
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5.2 Drop-on-Demand Inkjet Printing Process 
5.2.1 Methodology Developed for Optimizing Pulse Profile 
Parameters 
The actual operation of the methodology that was used for this optimization process is 
shown here. The results, subsequent analysis and conclusions are presented here. To 
better introduce how the actual process has been carried out, drop volume will be used as 
an example to present the analysis. The analysis for velocity and directionality was 
carried out in a similar manner. 
5.2.1.1 Organization of Collected Data 
As stated earlier, 64 nozzles out of the 128 are used. Using drop analysis software, 10 
drops per nozzle are captured and the raw data exported to an Excel spreadsheet. All 
three types of data, Volume, Velocity, Directionality, can be recorded simultaneously in 
the same Excel File. For each type of data, the 10 drops will give 10 values. An average 
is then calculated for that nozzle and similarly for all the 64 nozzles. After which, a 
standard deviation is calculated for the 64 averages. This standard deviation value is the 
value that we will be working with. In total, 16 different factor setting combinations are 
used in our TDE and each combination is repeated 3 times, giving a total of 48 
experimental runs. Hence, we get 48 standard deviation values. An average is then 
calculated for the 3 standard deviations for each of the 16 combinations to get 16 average 
standard deviations. This is done for all three types of data. The 16 average standard 
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deviations will be the final values that were inputted for our analysis using LAA. This 
analysis method is known as Level Average Analysis because it analyzes the average of 
the quality characteristic that is obtained from the experiments, also known as the average 
response, using factors at different level settings. 
 
Due to the massive amount of numerical raw data that is collected per run, it is difficult to 
present here. Furthermore, before reorganization and processing, the raw data does not 
have much meaning even if shown here. Hence, only a summary of the processed data 
that is ready for use in the analysis is shown here. Tables 5.5, 5.6 and 5.7 shows the 
standard deviation data for drop Volume, Velocity and Directionality respectively. In the 
three tables, only the column labeled as Average will be used in the analysis. From these 




 Set and 3
rd
 Set gives the 
standard deviation data for each droplet property during each repeat using its specific 
parameter settings. We can see that for some of them, the variation between each repeat 
is very large. This is due to the inherent instability of droplet ejection using that particular 
set of parameter settings. Note that for our experiments, droplet data was not captured 
immediately upon machine startup. From experience, a machine „warm-up‟ runtime of 15 
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Table 5.5: Summary of Standard Deviation Data for Drop Volume.  
Taguchi 
Design 
Data for Volume using first 
64 nozzles. 


















 Set Average 
1 55 55 45 40 40 0.4131  0.5728  0.5378  0.5079  
2 55 40 30 20 20 1.8886  2.0165  1.7515  1.8855  
3 45 55 45 40 20 1.6038  1.7154  1.4941  1.6044  
4 45 40 30 20 40 0.5683  0.6506  0.5772  0.5987  
5 55 55 30 20 40 0.3649  0.5533  0.4726  0.4636  
6 55 40 45 40 20 1.6508  1.6235  1.6575  1.6439  
7 45 55 30 20 20 1.7887  1.7183  1.8449  1.7840  
8 45 40 45 40 40 0.4684  0.4602  0.8323  0.5869  
9 55 55 45 20 20 0.6142  0.7147  0.6351  0.6547  
10 55 40 30 40 40 1.7803  1.5209  1.9550  1.7521  
11 45 55 45 20 40 1.6570  1.7495  1.6689  1.6918  
12 45 40 30 40 20 0.6800  0.8145  0.3679  0.6208  
13 55 55 30 40 20 0.4571  0.4119  0.4452  0.4381  
14 55 40 30 20 40 1.7588  1.6184  1.6650  1.6807  
15 45 55 30 40 40 1.4748  1.3883  1.1898  1.3509  
16 45 40 45 20 20 0.5502  0.6444  0.5746  0.5897  
 
Table 5.6: Summary of Standard Deviation Data for Drop Velocity.  
Taguchi 
Design 
Data for Velocity using first 
64 nozzles 


















 Set Average 
1 55 55 45 40 40 0.0956  0.0951  0.0954  0.0954  
2 55 40 30 20 20 0.7511  0.7417  0.8016  0.7648  
3 45 55 45 40 20 0.5691  0.6282  0.6337  0.6103  
4 45 40 30 20 40 0.4802  0.4335  0.4664  0.4600  
5 55 55 30 20 40 0.0662  0.0851  0.0811  0.0775  
6 55 40 45 40 20 0.8185  0.7548  0.7681  0.7805  
7 45 55 30 20 20 0.5750  0.5429  0.5054  0.5411  
8 45 40 45 40 40 0.5645  0.5909  0.5857  0.5804  
9 55 55 45 20 20 0.0917  0.0890  0.0819  0.0875  
10 55 40 30 40 40 1.1713  1.5209  1.1250  1.2724  
11 45 55 45 20 40 0.8546  0.9309  0.8505  0.8787  
12 45 40 30 40 20 0.7731  0.6413  0.6601  0.6915  
13 55 55 30 40 20 0.1272  0.1354  0.1055  0.1227  
14 55 40 30 20 40 1.0783  1.0298  0.9996  1.0359  
15 45 55 30 40 40 0.8977  0.8986  0.8912  0.8958  
16 45 40 45 20 20 0.3339  0.3234  0.3568  0.3380  
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Table 5.7: Summary of Standard Deviation Data for Drop Directionality.  
Taguchi 
Design 
Data for Directionality using 
first 64 nozzles 


















 Set Average 
1 55 55 45 40 40 0.6466  0.8273  0.6535  0.7091  
2 55 40 30 20 20 0.3771  0.6119  0.3568  0.4486  
3 45 55 45 40 20 1.3331  0.6344  0.5811  0.8495  
4 45 40 30 20 40 0.8923  1.2651  1.1256  1.0944  
5 55 55 30 20 40 0.6288  0.3382  0.3435  0.4369  
6 55 40 45 40 20 0.6089  1.1988  0.9043  0.9040  
7 45 55 30 20 20 0.4522  0.3525  0.4697  0.4248  
8 45 40 45 40 40 2.5259  2.2015  2.7388  2.4887  
9 55 55 45 20 20 0.5926  0.5193  0.5667  0.5595  
10 55 40 30 40 40 5.9958  5.0432  5.9242  5.6544  
11 45 55 45 20 40 2.8107  2.1608  2.6645  2.5453  
12 45 40 30 40 20 4.6730  4.8642  5.4933  5.0102  
13 55 55 30 40 20 0.5549  0.5341  0.6873  0.5921  
14 55 40 30 20 40 3.8729  3.5837  3.8348  3.7638  
15 45 55 30 40 40 2.8807  2.9919  2.1947  2.6891  
16 45 40 45 20 20 1.2097  1.8600  1.2621  1.4439  
5.2.1.2 Response Tables and Graphs from Taguchi Analysis 
After calculating the average response for each combination of factor level settings, we 
go on to calculate the average response for each factor and interaction level and to 
develop a response table. From the response table, we rank the factors and interactions in 
their order of significance by looking at the effect they have on the average response. We 
can plot the response graphs for the main factors and interactions to help us better 
visualize their significance. For the interactions, we can also plot their interaction plots to 
help us visualize if the interactions are indeed significant. If one of the factors or 
interactions turns out to be significant, these plots can help us to easily identify the level 
of the factor or interacting factors that resulted in the significance. Drop Volume 
Standard Deviation will be used as the model example to help us explain the analysis. 
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5.2.1.2.1 Results for Drop Volume Standard Deviation 
The effect that a factor or interaction has on the average response is determined by 
averaging all the average response for that factor or interaction at its two different levels 
respectively and finding their difference, Delta. The significance of this factor or 
interaction as compared to the other factors or interactions is determined by ranking them 
according to Delta in descending order and identifying a logical „cut-off‟ point for factors 
and interactions to be considered. 
 
Looking at factor CH1 in Tables 4.5 and 5.5, we calculate their average response: 
1




      
   
2




      
   
1 2Effect of CH1 (Delta of CH1) 1 1 1.1283 1.1034 0.0249CH CH      
 
Looking at interaction CH1*CH2 in Tables 4.5 and 5.5, we calculate their average 
response in the same way as a main factor: 
1




      
   
2




      
   
1 2Effect of CH1*CH2 (Delta of CH1*CH2) 1* 2 1* 2 0.5576 1.6742 1.1166CH CH CH CH      
 
The average response and effect for the remaining factors and interactions are calculated 
in the same way, producing the following response table. 
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Table 5.8: Response Table for Drop Volume Standard Deviation. 
Level CH1 CH2 CH1*CH2 W CH1*W CH2*W F*R F 
1 1.1283 1.0619 0.5576 1.12 1.1052 1.1645 1.139 1.0631 
2 1.1034 1.1698 1.6742 1.1117 1.1265 1.0672 1.0928 1.1686 
Delta 0.0249 0.1079 1.1166 0.0083 0.0213 0.0973 0.0462 0.1054 
Rank 11 2 1 15 12 4 8 3 
 
Level CH1*F CH2*F W*R W*F CH2*R CH1*R R 
1 1.1258 1.082 1.1495 1.1344 1.0943 1.1254 1.0791 
2 1.106 1.1497 1.0823 1.0973 1.1375 1.1063 1.1526 
Delta 0.0198 0.0677 0.0672 0.037 0.0432 0.0191 0.0735 
Rank 13 6 7 10 9 14 5 
 
From the response table, we can identify the few factors and interactions that are deemed 
to have a strong effect on the response of the quality characteristic. The selection is based 
mainly on experience and from reference [46], “A rule of thumb is to identify 
approximately half of the effects as having a significant impact on the quality 
characteristic”. For our selection criteria, since the 5 main factors are those that can be set, 
we will include them in our analysis. For the remaining interactions, we will consider 
only two of them, CH1*CH2 and CH2*W. This would give us a total of 7 factors which 
is approximately half of the total factors and interactions; indicated within Table 5.8 by 
their circled ranking. Also, the interactions ranked 6 and 7 have Delta that is very close 
together and if we consider one, we may have to consider both. However, if these 
relatively less influential factors are incorporated into our subsequent calculations using 
the prediction equation (PE), we may have an over or underestimate of the predicted 
results. This is because the differences in the average response may be due to 
experimental variations and to incorporate their effects could result in the over or 
underestimation.[46] 
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From the response table, we can plot the main effects plots directly using the factor 
setting at the two different levels against the average response of the quality 
characteristics at these levels. The 5 main effects plots are as shown in Figure 5.10. For 
the interactions, we plot their interaction plots to assist us in identifying the significance 
interactions and their response with different factor level settings. These are shown in 
Figure 5.11. For the interaction plots, we need to calculate their interaction matrix to 
obtain the coordinates within the plots. 
 
Looking at interaction CH1*CH2 in Tables 4.5 and 5.5, we calculate and obtain the 
interaction matrix: 
1 1





   
1 2





   
2 1





   
2 2





   
 
Table 5.9: Interaction Matrix.  
* CH11 CH12 
CH21 0.5161 1.6078 
CH22 1.7406 0.599 
 
Table 5.9 is the interaction matrix which provides the coordinate points for the interaction 
plots shown in Figure 5.11. The interaction matrix and hence the interaction plots for all 
the other interaction can be obtained in the same way as above. 
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Main Effects Plot for Drop Vol. StDev.
 









































Interaction Plot for Drop Vol. StDev.
 
Fig. 5.11: Interaction Effects Graphs for Drop Volume Standard Deviation.  
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For our analysis, the criteria for selecting the factor or interaction level that result in the 
response of the quality characteristic is Smaller-the-Better. We select the factor levels 
from the response table (Table 5.8) that corresponds to the lower value of the average 
response. If we are selecting a level based on the main effects plots (Fig. 5.10), our 
decision will be based on the lowest point on the plot. For those factors that have 
interaction effects with other factors, the selection of their levels must take the interaction 
effect into consideration using the interaction matrix or plot (Table 5.9 or Fig. 5.11). If an 
interaction is significant, the factor levels chosen from the interaction matrix will not 
contradict the levels chosen for the factors that are deemed to have a strong effect on the 
response by itself.[46] The interactions that are deemed to have a weak effect on the 
average response, will not be considered further. 
 
The preferred factor settings are selected with reference to those factors that are deemed 
to be important from the response table with reference to the order of their ranking, 
starting from the highest rank. Therefore, from the response table and the interaction plot, 
we can see that CH1 at level one (CH11) and CH2 at level one (CH21) are the preferred 
level settings for factor CH1*CH2. Looking at the factor ranked two, CH2, from the main 
effects plot, we see that CH2 at level one (CH21) is also the preferred level setting. This 
phenomenon serves to confirm that CH2 at level one is the desired setting. According to 
the response table, CH1 does not have a strong effect by itself. Hence, the preferred CH1 
factor level is determined purely based on the interaction effect, this gives CH1 at level 
one. Following this, we proceed down the rank in the response table to get the level 
settings for all control factors. Those points within the plots that have been considered 
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when determining the factor levels have been circled within Figures 5.10 and 5.11. We 
only need to consider factors or interactions that are deemed to be important when 
determining the factor level settings because weaker effects (lower in rank) have less 
influence on the quality characteristics. For these effects, the level setting is dependent 
upon the higher ranked effects. For those factors that are deemed to be weak both as an 
individual factor and as an interaction, the most cost effective or simplest settings should 
be used.[46] 
 
Using such selection procedures, the preferred factor level settings can be obtained for all 
the different factors. For volume, they are CH1 at level one, CH2 at level one, W at level 
two, F at level one and R at level one. They can also be denoted as: (CH11, CH21, W2, F1, 
R1). This combination of factor settings is not found in the original TDE. Using these 
preferred level settings for the 5 factors, we can obtain a smaller predicted value for the 
volume standard deviation than any of the TDE experimental results. 
5.2.1.2.2 Results for Drop Velocity Standard Deviation  
Table 5.10: Response Table for Drop Velocity Standard Deviation.  
Level CH1 CH2 CH1*CH2 W CH1*W CH2*W F*R F 
1 0.5296 0.4136 0.3066 0.5508 0.5735 0.6076 0.5719 0.6311 
2 0.6245 0.7404 0.8474 0.6032 0.5806 0.5465 0.5821 0.5229 
Delta 0.0949 0.3268 0.5408 0.0524 0.0071 0.0611 0.0102 0.1082 
Rank 6 2 1 9 15 8 14 5 
 
Level CH1*F CH2*F W*R W*F CH2*R CH1*R R 
1 0.5611 0.5404 0.5888 0.4887 0.5653 0.5828 0.662 
2 0.593 0.6137 0.5653 0.6653 0.5888 0.5713 0.4921 
Delta 0.0319 0.0733 0.0235 0.1766 0.0235 0.0115 0.1699 
Rank 10 7 12 3 11 13 4 
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Main Effects Plot for Drop Vel. StDev.
 







































Interaction Plot for Drop Vel. StDev.
 
Fig. 5.13: Interaction Effects Graphs for Drop Velocity Standard Deviation.  
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The analysis for Velocity Standard Deviation is similar to that carried out for Volume 
Standard Deviation. Here, the preferred factor levels are CH1 at level one, CH2 at level 
one, W at level two, F at level two and R at level two. They are denoted as: (CH11, CH21, 
W2, F2, R2). This combination of factor settings is not found in the TDE. Using these 
preferred level settings, we will be able to obtain a smaller predicted value for velocity 
standard deviation than any of the TDE experimental results. 
5.2.1.2.3 Results for Drop Directionality Standard Deviation  
Table 5.11: Response Table for Drop Directionality Standard Deviation.  
Level CH1 CH2 CH1*CH2 W CH1*W CH2*W F*R F 
1 1.6336 1.1008 1.5419 1.658 1.8944 2.1089 1.8023 2.3621 
2 2.0682 2.601 2.1599 2.0438 1.8074 1.5929 1.8995 1.3397 
Delta 0.4347 1.5002 0.6181 0.3858 0.0869 0.516 0.0972 1.0225 
Rank 9 2 7 10 15 8 14 4 
 
Level CH1*F CH2*F W*R W*F CH2*R CH1*R R 
1 1.671 1.4488 1.9978 0.9195 1.7734 2.2866 2.4227 
2 2.0308 2.253 1.704 2.7823 1.9284 1.4152 1.2791 
Delta 0.3598 0.8041 0.2939 1.8628 0.155 0.8714 1.1436 
Rank 11 6 12 1 13 5 3 
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Main Effects Plot for Drop Dir. StDev.
 









































Interaction Plot for Drop Dir. StDev.
 
Fig. 5.15: Interaction Effects Graphs for Drop Directionality Standard Deviation.  
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For the analysis of Directionality Standard Deviation, the preferred factor levels are CH1 
at level one, CH2 at level one, W at level two, F at level two and R at level two. They are 
denoted as: (CH11, CH21, W2, F2, R2). This combination of factor settings is not found in 
the TDE and it is identical to the set obtained for velocity standard deviation. Using these 
preferred level settings, we will be able to obtain a smaller predicted value for 
directionality standard deviation than any of the TDE experimental results. 
 
From this analysis, we have two sets of preferred parameter settings, which will be 
known now as P1= (CH11, CH21, W2, F1, R1) and P2= (CH11, CH21, W2, F2, R2). P1 will 
give us a lower Drop Volume Standard Deviation and P2 will give us a lower Drop 
Velocity and Directionality Standard Deviation. These results are based on statistical 
analysis. As such, experiments are carried out within this research for an experimental 
confirmation. 
5.2.1.3 Prediction and Confirmation 
For prediction and confirmation, we have 2 methods that will be introduced here. They 
are the PE of LAA and a general Regression Model. 
5.2.1.3.1 Prediction Equation of Level Average Analysis 
Based on the selected levels of the strong effects, we can estimate a response value of the 
quality characteristic using a PE specified within the LAA method[46]. The general 
prediction model is defined by the following equation: 
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ˆ ( ) [( * ) ( ) ( )]i i j i j
i i j
T A T A A T A T A T

           
where, ˆ  is the predicted value of the quality characteristic, T  is average of the overall 
experimental data, )( TAi   is the effect of the strong control factors Ai, 
)]()()*[( TATATAA jiji   is the effect of the strong interactions Ai*Aj (i ≠ j). 
The overall estimated result from this model is based on the combined effects of all the 
strong factors and interactions specified by the response table set at their preferred levels 
with the assumption of additivity of effects. 
 
This is a relatively simple method that can be easily calculated. An example using 
Volume Standard Deviation is shown below. This calculation is based on the factor level 
setting of P1 = (CH11, CH21, W2, F1, R1). 
 
We first calculate the overall experimental average for volume standard deviation, VolT , 
as follows: 
(0.5079 1.8855 1.6044 0.5987
0.4636 1.6439 1.7840 0.5869
0.6547 1.7521 1.6918 0.6208




   
   
   
  
   
We then calculate the predicted value for volume standard deviation, ˆVol , using the PE 
as follows: 
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1 1 2 1 1
1 1 1 1
1 2 1 2
1 1 1 2 1 1 1
ˆ ( 1 ) ( 2 ) ( ) ( ) ( )
            [( 1 * 2 ) ( 1 ) ( 2 )]
            [( 2 * ) ( 1 ) ( )]
      1 * 2 2 * 1 2
      (0.5161) (1.0092) (1.
Vol T CH T CH T W T F T R T
CH CH T CH T CH T
CH W T CH T W T
CH CH CH W F R CH T
           
     
     
     
   0631) (1.0791) (1.1283) 2(1.1159)




This value can be compared against the actual experimental value that can be obtained by 
carrying out a few confirmation experiment runs using the factor level settings specified 
by the preferred parameter set P1 and calculating the volume standard deviation. 
5.2.1.3.2 General Regression Model 
From the TDE, we can build a model based on multiple regression technique to predict 
the response of the quality characteristic. Since higher order interactions are not 
considered in the TDE, the model only considers up to 2-factor interactions. This general 
equation is a so-called Regression Model for a factorial experiment. TDE being a subset 
of a factorial experiment can also be modeled using this equation.[47] The general 
equation for the model can be expressed by the following: 
 
0 ( ) ( * )i i ij i j
i i j
A A A   

       
where,  is the predicted response of the quality characteristic, ‟s are the regression 
coefficients whose values are to be determined, Ai are the significant main factors and 
Ai*Aj (i ≠ j) are the significant interactions. Similarly, the overall estimated result from 
this model is based on the combined effects of all the strong factors and interactions 
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specified by the response table set at their preferred levels with the assumption of 
additivity of effects. 
 
This Regression Model is a more theoretical model that gives a more reasonable 
predicted result through multiple iterations. This is the model that was used in our 
research work and the prediction calculations are implemented using a statistical software 
known as “Minitab”. 
 
We carried out the confirmation runs using P1 and P2 with three repeats for each 
parameter set and tabulated their results within Table 5.12. The predicted values for the 
various drop property standard deviations of P1 and P2 are calculated and tabulated in 
Tables 5.13 and 5.14, together with their experimental values. From the comparison of 
the various standard deviations, P2 seems to be the better set of factor level settings as we 
can see that all of its percentage errors are smaller than that of P1. Furthermore, we have 
compiled and compared the average standard deviations for the three drop properties 
using the 16 TDE sets together with P1 and P2 in Table 5.15. From the direct comparison 
of the standard deviations, we see that P2 is also a relatively better set. Even though P2 
may not be the best set of factor level settings physically, we have justified that it is 
statically one of the combinations that is closer to the true optimum set. We can use P2 as 
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 Set 0.3239  0.5461  
2
nd
 Set 0.4055  0.5140  
3
rd
 Set 0.3006  0.6290  






 Set 0.1276  0.0611  
2
nd
 Set 0.1360  0.0601  
3
rd
 Set 0.1375  0.0625  






 Set 1.4533  0.7368  
2
nd
 Set 1.4282  0.6910  
3
rd 
Set 1.4021  0.6824  
Average 1.4279  0.7034  
 
Table 5.13: Comparison of Confirmation to Predicted Results for P1.  
P1 = 







Volume StDev. 0.3737 0.3433 8.10% 
Velocity StDev. 0.2426 0.1337 44.80% 
Direction StDev. 3.3081 1.4279 56.80% 
 
Table 5.14: Comparison of Confirmation to Predicted Results for P2.  
P2 = 







Volume StDev. 0.5527 0.5630 -1.85% 
Velocity StDev. 0.0598 0.0612 -2.37% 
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Table 5.15: Comparison of Average Standard Deviations for the TDE Runs with P1 and P2.  
Comparison of Average Results for Runs 













Vol. Stdev Vel. Stdev Dir. Stdev 
1 55 55 45 40 40 0.5079  0.0954  0.7091  
2 55 40 30 20 20 1.8855  0.7648  0.4486  
3 45 55 45 40 20 1.6044  0.6103  0.8495  
4 45 40 30 20 40 0.5987  0.4600  1.0944  
5 55 55 30 20 40 0.4636  0.0775  0.4369  
6 55 40 45 40 20 1.6439  0.7805  0.9040  
7 45 55 30 20 20 1.7840  0.5411  0.4248  
8 45 40 45 40 40 0.5869  0.5804  2.4887  
9 55 55 45 20 20 0.6547  0.0875  0.5595  
10 55 40 30 40 40 1.7521  1.2724  5.6544  
11 45 55 45 20 40 1.6918  0.8787  2.5453  
12 45 40 30 40 20 0.6208  0.6915  5.0102  
13 55 55 30 40 20 0.4381  0.1227  0.5921  
14 55 40 30 20 40 1.6807  1.0359  3.7638  
15 45 55 30 40 40 1.3509  0.8958  2.6891  
16 45 40 45 20 20 0.5897  0.3380  1.4439  
P1 55 55 30 40 40 0.3433  0.1336  1.4278  
P2 55 55 30 20 20 0.5630  0.0612  0.7034  
5.2.1.4 Comparison of Drop Uniformity 
Taguchi Design Experiment with its associated analysis such as Level Average Analysis 
and Regression Modeling can provide us with statistical conclusions when compared 
against actual drop property data. In this research, in order to prove the statistical 
conclusion further, we carried out actual printing of droplets on substrates using 
parameter sets from the TDE and also the preferred parameter set P2 from the statistical 
results. We compared their results to draw conclusions to support our statistical findings. 
5.2.1.4.1 Comparison of Printed Droplets on ITO Substrate 
We carried out printing of PEDOT:PSS droplets on Oxygen-Plasma cleaned ITO 
substrates and compared the different printed results. Printing was carried out using sets 
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of factor level settings that are used in our original TDE, as well as the set P2. From the 
printed droplets using the TDE sets, we can see 3 typical types of results as shown in 
Figures 5.16(a), (b), (c). Figure 5.17 shows the result using the preferred set P2. 
 
Figure 5.16(a) which is from the TDE set of (CH12, CH22, W2, F2, R1) shows areas of 
missing droplets. Figure 5.16(b) which is from the TDE set of (CH11, CH22, W1, F1, R2) 
shows uneven droplet size. Our preferred set shown in Figure 5.17, shows optimal results, 
without missing droplets and uneven droplet size. However, Figure 5.16(c) which is from 
the TDE set of (CH11, CH21, W1, F2, R2) also shows neither missing droplets nor uneven 
droplet size. In the next section, we will justify that P2 is still a better set as compared to 
the others. 
 
   
                     (a)                                  (b)            (c) 
Fig. 5.16: Image of Printed Droplets using Different Factor Level Settings.  
 
 
Fig. 5.17: Image of Printed Droplets using Preferred Parameter Set P2.  
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5.2.1.4.2 Comparison of Standard Deviations of Drop Volume, Velocity 
and Directionality 
From the previous section, we saw that other than the preferred set P2 that has no missing 
droplets or uneven droplet size, some of the TDE sets also looks that way. The example 
that we have is the set (CH11, CH21, W1, F2, R2) in Figure 5.16(c). Using their 
experimental data as shown in Figures 5.18 to 5.20, we can calculate their Drop Volume, 
Velocity and Directionality Standard Deviations, which are summarized in Table 5.16. 
Exceptional points that are seen in Figure 5.20, as circled, are removed to reduce 
calculation bias and increase accuracy. 
  























(a) (CH11, CH21, W1, F2, R2) 
























Fig. 5.18: Comparison of Drop Volume Standard Deviations.  
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(a) (CH11, CH21, W1, F2, R2) 
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Fig. 5.20: Comparison of Drop Directionality Standard Deviations.  
 
Table 5.16: Comparison of a Taguchi Design Set to Preferred Set P2.  
Quality Characteristic (CH11, CH21, W1, F2, R2) P2 
Volume StDev. 0.614 0.563 
Velocity StDev. 0.0917 0.0612 
Direction StDev. 1.116 0.7034 
 
By comparing their standard deviations for the three drop characteristics of Volume, 
Velocity and Directionality, we can see that P2 still gives better overall printed droplets. 
 
5.2.1.5 Conclusions 
We conclude that with proper analysis of drop data, we are able to obtain better pulse 
profile parameter settings in order to achieve droplets of better uniformity. The preferred 
set of parameters that we have obtained in our results, are relatively better than the other 
parameters that we have used for our investigation; it is not the best set. Further 
optimization can be carried out using this set of parameters as a reference. However, 
depending on the time and resources that one is willing to spend, this preferred set may 
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be good enough for the required job. For the scope of this work, we can safely conclude 
that this set of parameters is fairly close to the optimum. 
 
The methodology of how a statistical method and experimental data can be combined to 
optimize a set of parameters for a certain process have been illustrated and implemented 
here. In our case, the Pulse Profile Parameters of a piezoelectric DoD-IJP print-head were 
optimized. This methodology can be adapted to other experimental processes. 
5.2.2 Influence of Temperature on the Profile of Printed Single 
Droplets 
After the optimization of the pulse profile parameters with the identification of a 
preferred set of parameters, we investigate the variation of dried droplet profile with 




C). The Optical Profiling System was used 
to capture images of these droplets. In order to get the 2D cross-sectional profile of these 
droplets, we took a section through their center using the machine‟s software. 
Representative images of their 3D profiles and 2D cross-sectional profiles with a top-
down view of the droplets are shown in Section 5.2.2.2. However, before looking at the 
results, we review of drop spreading and drying behavior. 
5.2.2.1 Review of Drop Spreading and Drying Behavior 
In order to obtain a good thin-film with high uniformity, it is crucial to control the drying 
process. Due to size effects, the drying behavior of an inkjet printed droplet is very 
different from that of a macroscopic liquid such as a spin-coated film. Due to the much 
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higher surface area per unit volume found in small droplets, e.g. ~30μm in diameter, 
rapid evaporation and drying takes place, even when higher boiling-point solvents, e.g. 
water as compared to some organic solvents, are used.[4] 
 
Upon impact on a substrate, an inkjet printed droplet starts to spread. This spreading 
consists of an initial Spontaneous Inertial (Dynamic) Spreading for a short time, followed 
by a Wet Spreading for a longer period of time. A schematic of the spreading process is 
show in Figure 5.21 below. The droplet expands in its radial direction and reaches a 
maximum diameter, Dcmax, just after impact. If there is excessive surface tension, Dcmax 
decreases as liquid flows back towards its center and increases its height there. This is 
known as Recoiling. When the surface tension is too high, the droplet might rebound. In 
cases where the surface tension is very high, the droplet vibrates and repeatedly increases 
and decreases its diameter for several microseconds. When this energy is dissipated, the 
droplet settles into an almost stable shape. Such recoiling and rebounding occurs when 





Fig. 5.21: Different stages of the drop spreading process on a substrate.[49]  
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After initial spreading to Dcmax and dissipating almost all energy, the drop spread slowly 
to its final equilibrium diameter with the minimum surface energy. This is known as Wet 
Spreading. The drop diameter asymptotically approaches its final equilibrium diameter, 
Df, and its contact angle becomes static. This phase of the spreading is much slower than 
the initial spontaneous spreading. Ideally, a spherical cap with the minimum surface 
energy will be its final profile. However, due to the contact angle differing from place to 
place depending on material condition, dirt and roughness, various shapes are actually 
seen. Hence, uniform substrate wettability is very important. Drop spreading is dependent 
on fluid viscosity, but the final shape is determined only by drop volume and contact 
angle. It does not depend on the fluid‟s physical properties. Hence, substrate material and 
treatment is very important as Df is determined by the contact angle.[49] 
 
During drying, even if the initial fluid surface is flat, we cannot be sure that the surface of 
the dried film is also flat. Thickness of the coffee layer of a dried coffee drop on a table 
does not stay uniform. Instead, the coffee concentrates in a ring around the drop boundary. 
This ring-like phenomenon is called a coffee-stain effect. Deegan et al. published the 
Evaporation-rate Distribution Theory, which is now thought to be the most likely 
explanation of the coffee-stain effect. This theory states that an outward flow of liquid is 
produced in a drying drop due to a geometrical constraint of its free surface, when its 
contact-line is pinned and liquid that is removed through evaporation at the edge must be 
replenished by this flow from the interior. This flow is capable of transferring all the 
solute to the contact-line and hence producing the high perimeter concentration of solutes. 
A schematic of this process is shown in Figure 5.22. 
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Fig. 5.22: Schematic showing the liquid flow in the Evaporation-rate Distribution Theory.[49]  
 
This flow relies only on a generic property of the substrate-solvent interaction, that is the 
presence of surface irregularities such as roughness or chemical heterogeneities that 
produce contact-line pinning[50]. This pinning effect is much stronger with the presence 
of solutes and the ring deposit can create surface unevenness as well as augment the 
surface imperfections that produced the initial pinning[51]. Furthermore, materials 
absorbed from the liquid droplet onto the solid substrate surface can modify its wetting 
properties, enhancing the pining effect of the liquid by the substrate. Figure 5.23 shows 
the effect of contact-line pinning and its contribution to the coffee-stain effect. 
 
 
Fig. 5.23: (a) Contact-line will move from A to B if it is not pinned and uniform evaporation 
removes the hashed layer, causing the interface to move from the solid to the dashed line. (b) 
Shows the actual movement of the interface. Due to contact-line pinning, its motion from A to B 
is prevented and an outward fluid flow replenishes the liquid removed from the edge.[50]  
 
The theory predicts a distinct power-law growth of the ring mass with time, which is 
independent of the substrate, solvent or solute[51]. The evaporation rate distribution is a 
universal form that depends only on the shape of the droplet. When the drop‟s contact 
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angle is less than 90
o
, the larger convex surface area ensures that evaporation at the edge 
becomes high. The high outward flow to replace the evaporating liquid ensures that a 
large amount of solute will be carried to, and accumulated at, the edge. Therefore, the 
evaporation rate distribution on a drop surface should be controlled to be uniform during 
drying for obtaining films of uniform thickness. It should be noted that evaporation rate 




Rings form for a wide variety of substrates, solvents and solutes. The important criteria 
are that the solvent meets the substrate at a non-zero contact angle, the contact-line is 
pinned to its initial position and the solvent evaporates. Ring-like deposits are formed 
regardless of chemical composition of substrate, size of drops, types of solvent, size of 
solutes. Atmospheric conditions such as temperature, humidity and pressure have little 
effect as well. Furthermore, surface-tension gradients, solute diffusion, electrostatic and 
gravitational effects that are normally associated with solute transportation are also 
negligible.[50] However, for concentrated rings to be formed, the solution must be 
diluted[51]. Hence, viscosity of the solution also plays a role in determining the ease at 
which solutes can travel before drying takes place. 
 
The theory accounts for the almost complete transportation of solute to the edge and it 
predicts that we can control the shape and thickness of the deposit by controlling the 
speed and variation of evaporation, without knowing the chemical nature of the liquid, 
solute or substrate. However, physical conditions such as contact angle, hindrance to 
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evaporation of solvent and temperature of liquid and substrate should be controlled to 
obtain the desired evaporation rate. 
 
An example of a drying inkjet printed droplet is provided by Shimoda et al. who varied 
the evaporation rate of solvent by changing the velocity of the XY-moving table that 
carries the substrate. The droplets that he uses have a volume of ~20pl at a standoff of 
0.3mm. Figure 5.24 shows the effect of drying condition on thickness and luminescence 
of printed blue LEP films. At the higher velocity of 5mm/s, polymer solute tends to stay 
in the center of the droplet as its evaporation time is shortened due to the faster air flow 
around the droplet generated by the higher velocity. Before solute has time to move to the 
edge, the drop has already dried. At the lower velocity of 0.5mm/s, solute is carried to the 
edge of the droplet forming rings as drying is slower.[4] 
 
 
Fig. 5.24: Effect of drying condition on thickness and luminescence of blue LEP films. (a) Higher 
velocity of 5mm/s; solute tends to stay in the center. (b) Lower velocity of 0.5mm/s; solute 
carried to the edge.[4]  
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As stated earlier, due to size effects, the drying behavior of a small inkjet printed droplet 
is very different from that of a macroscopic liquid. The drying process of small droplets 
is extremely sensitive to surrounding conditions such as temperature and air flow velocity 
etc, because they dry extremely fast[49]. For cases above, we are able to see the coffee-
stain effect because the droplet has finished both the initial Spontaneous Inertial 
Spreading and the final Wet Spreading. The droplet then settles down to complete it‟s 
drying according to the Evaporation-rate Distribution theory to form the coffee-stain 
effect. For droplets that are subjected to extremely high evaporation rates, we may get the 
case where the drop is dried almost immediately upon impact or the droplet is dried 
anywhere along one of the spreading stages. Even through drop spreading is modified by 
the drying process, the fast drying rate and the small volume of a droplet will most likely 
result in it retaining its original shape regardless of the drying conditions. Murata et al. 
found that small inkjet droplets dry immediately upon landing[52]. 
5.2.2.2 Results 
From the profile of the printed droplets with respect to temperature, we can see 3 distinct 
types of effects of temperature on the profile of the printed droplets. We classify the 3 
different types of shapes that are obtained as: Simple Cap Shape, Transition Shape and 
Ring-like Shape. 
5.2.2.1.1 Simple Cap Shape 







C give rise to this shape. Representative images are 
shown in Figures 5.25 to 5.30. 
Chapter 5: Results, Discussions & Conclusions 
National University of Singapore  128 of 146 
 















Fig. 5.28: 2D cross-sectional profile and top-down view of a drop at 30
o
C.  
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5.2.2.1.2 Transition Shape 
As the name implies, drop profiles that are obtained at these temperatures start to show a 
transition from the simple conical cap to a ring-like shape. The temperatures at which this 




C. Representative images are shown in Figures 5.31 to 5.34. 
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5.2.2.1.3 Ring-like Shape 
The drop profiles that are obtained at these temperatures showed a distinct ring-like 
structure with higher edges and lower centers starting to form. The temperatures at which 






C, which is the maximum temperature we can achieve 
on the inkjet printer. Representative images are shown in Figures 5.35 to 5.40. 
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The basic working principle of an optical profiler is to pass white light through a beam 
splitter, which directs the light to the substrate surface and a reference mirror. The light 
that is reflected from these two surfaces recombines to form a pattern of interference 
fringes that reveals the sample surface. In Figure 5.40, we see that part of the profile 
along the circled vertical section is missing. This is because the droplet wall along that 
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section is too steep and hence, there is no reflection and therefore no interference fringes. 
This is a limitation of the optical profiler measurement. 
 
Figure 5.41 shows a summary of the different droplet shapes that is achievable with 
different substrate temperatures. Both the figure‟s axes represent temperature. The 3 
different types of shapes that are achievable with different temperatures are indicated 
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Fig. 5.41: Summary of the Variation of Droplet Shape with Substrate Temperature.  
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5.2.2.3 Discussions and Conclusions 
From the drop profiles that we have obtained, we see that at higher temperatures starting 
from 50
o
C, ring-like formations start to take shape. This could be an observation of the 
coffee-stain effect that we have described earlier in Section 5.2.2.1. From the 
aforementioned description, we see that with faster drying rates regardless of droplet size, 
less materials can be carried to the edge of the drying droplet. Hence, the rings that are 
formed will be thinner and less concentrated or there is no ring formation at all, as the 
material does not have time to move the distance to the edge before drying takes place. 
For our case, as the temperature increases, it would mean a faster drying rate and hence 
there should be little or no movement of the solute to the edge of the drop. There should 
then be no ring formation and hence, no coffee-stain effect. However, what we observed 
actually contradicts with what is predicted from theory and findings by other researchers. 
We see that at higher temperatures above 50
o
C, ring-like formations start to take place 
and at low temperatures, the dried droplets approximate conical caps, without the 
formation of rings. Furthermore, for droplets at higher temperatures, the ring-like 
structures that are formed are thin and we can see from the profiles that most of the 
material is in the mainbody of the dried droplet. 
 
As discussed in Section 5.2.2.1, we see that for very small droplets, drying is extremely 
sensitive to deposition conditions, such as temperature. This is due to fast drying. Hence, 
a possible explanation would be that droplets at higher temperatures, above 50
o
C, are 
dried almost immediately upon impact before Wet spreading or even initial Spontaneous 
Inertial spreading can occur. The so-called ring-like formations that we are seeing is not 
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from the coffee-stain effect, but caused by the splash of the liquid during initial impact 
with the substrate. Due to the small size of the droplets, the evaporation rate at the higher 
temperatures is so rapid that the droplet shrinks in size and becomes very concentrated as 
it travels from the inkjet nozzle to the substrate, due to solvent loss. On impact, the 
droplets solidify almost immediately. 
 





C (Type I), the droplets complete their spreading 
before drying. Hence, the profiles that are obtained are of simple conical cap shapes. 
However, there is no formation of the coffee-stain effect as the small drops are dry before 




C (Type II), we see that the dried 
profiles start to change in shape. This could be due to the higher evaporation rate 





C (Type III), we see that ring-like structures start to form. However, 
we conclude that this is not due to the coffee-stain effect, but due to the splash of the 
droplets, since they are presumed to dry almost immediately upon impact without 
spreading. 
 
Further experiments, possibly complemented by computer simulation, will be needed to 
verify the above assumptions and conclusion. This will possibly require a high speed 
camera to take images of what really happened as the drops impact onto the substrate. 
Other physical constraints are that the droplets are too small and that the temperature 
gradient as the droplet is falling towards the substrate is non-uniform due to heating at 
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different temperatures. In this case, the evaporation rate would be non-uniform and 
modeling of this drying rate would pose a problem. Furthermore, since the material that 
we are using is a polymer particle suspension within a solvent and not a pure solution, 
this implies that the material is non-Newtonian, i.e. viscosity is not proportional to shear, 
and would pose extra problems for any modeling work that may be required to be carried 
out as the normal fluid equations will become highly complex. 
 
Summarized below from Figures 5.42 to 5.44 are the results that we have obtained from 
our experiments. The data used are the average of at least 6 different droplets. Raw data 
associated with these measurements are reproduced in Section A2.1 of the Appendix. 
 
Variation of Droplet Width with respect to substrate temperature is summarized and 
given in Figure 5.42. The trend seems to follow a power function. We see that width 
decreases with respect to rise in temperature of substrate. This can be attributed to the 
fact that the drop dries faster and has less time to spread with increasing temperature. 
This phenomenon can also be due to a change in surface energy of the substrate with 
respect to temperature and partial drying of the droplets as they fall towards the substrate. 
This analysis is not within the scope of this work. 
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Fig. 5.42: Variation of Droplet Width with Substrate Temperature.  
 
In Figure 5.43, we see the variation of Droplet Center Height with respect to substrate 
temperature. The center height is just the height of the droplet from its middle point. It 
may not be the highest point within the droplet. From the figure, there seems to be no 
applicable trend. However, these droplets can be divided into three temperature regions 
corresponding to three types of droplet profiles. For Type I, the heights are generally 
higher than the other two regions. This could be due to the better spread and formed 
droplets and the lower evaporation rates, i.e. lower drying rates that result in no formation 
of ring-like structures. Hence, there is almost no mass accumulation at the edge and the 
measured heights are generally larger. Here, the center height increases with an increase 
in temperature due to the decrease of width for the same dried droplet volume. The next 
two temperatures in Type II gives a lower center height as the drops start to transit into 
the ring-like profiles and some center material accumulates at the edge. This resulted in a 
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decrease of droplet center height. For Type III, the droplet center height is the lowest as 
splash effect is dominant due to these droplets drying almost immediately upon impact 
and it is very obvious that ring-like shape has formed. This resulted in more material 
from the center been distributed to the boundary such that droplet center height is sharply 
decreased. 
 




























Type IIType I Type III
 
Fig. 5.43: Variation of Droplet Center Height with Substrate Temperature.  
 
Variation of Droplet Edge Angle with respect to substrate temperature is shown in Figure 
5.44. The edge angle is the approximated internal angle that one side of the profile makes 
with the horizontal, which is also the substrate. This is similar to the gradient of the sides 
of the droplet. In our result, we have converted the edge angle into the angle that we see 
on the profile plots to make graphical representation easier. They are not the actual angles 
that the droplet edge makes with the substrate. However, the trend that they follow should 
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be similar. From the figure, we can see that slope at the edge of a droplet increases with 
substrate temperature. As discussed previously, as temperature increases, evaporation and 
drying takes places faster. Therefore, this trend could be due to the fact that the droplet 
does not have enough time to spread to its final equilibrium shape before drying. The 
liquid front that is still spreading and moving outwards from the center of the droplet 
„freezes‟ in mid-motion, producing steep walls and hence a higher gradient. For drops 
that dried almost immediately upon impact, the walls are almost vertical. 
 































Fig. 5.44: Variation of Droplet Edge Angle with Substrate Temperature. 
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6. RECOMMENDATIONS FOR FUTURE WORK 
6.1 Indium-Tin-Oxide Surface Preparation Process 
 For the surface cleaning processes, we have investigated the surface wettability 
characteristics of 5 different processes. Investigation can be done using other 
surface cleaning processes. Work can also be done using different surface testing 
and characterization methods on the cleaned ITO substrates. Surface roughness and 
compositional etc investigation can be done on the substrates that are cleaned by the 
5 processes that we have investigated. They can also be used on other cleaning 
processes. This would give us a better understanding of what is actually happening 
to the ITO surface and their possible effect on the wettability and surface energy 
characteristics. 
 
 The patterning process and parameters used in this work are standard procedures. 
Some work has been done on getting a good patterned surface with sharp features. 
However, no detailed systematic surface patterning procedural studies have been 
conducted for possible improvements. Depending on the requirements as to how 
good a surface is desired, work can be done on doing a systematic study of the 
photolithography patterning process. 
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6.2 Drop-on-Demand Inkjet Printing Process 
 We have done some preliminary studies on the behavior of single printed droplets 
that is subjected to different substrate temperatures. Properties of these droplets 
have been characterized and presented. We have proposed an explanation as to why 
such shapes are obtained and how the shape changes with the different substrate 
temperatures. An in-depth study of the forming process of the dried profile of these 
single droplets can be carried out with possible simulation modeling or using 
physical theories. This can serve as a reference for any subsequent printing work 
that may be carried out to obtain specific features that is desired. 
 
 Work has been done on printing and characterization of single printed droplets. 
Future work can include the printing and characterization of printed lines or 
complete thin-films. Investigations should be done on the various printing 
parameters that are involved in the printing of lines and thin-films to obtain the 
required properties for a specific application.  
 
 The final goal of possible future work done would be to construct complete layers 
of PLED devices using Drop-on-Demand Inkjet Printing. The performance 
characteristics of these devices should be studied and characterized to obtain 
information as to how this method of PLED manufacturing affects them. 
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Appendices 
A1.1 Contact Angle Data for UV-Ozone Cleaning 
Process 
Sessile Contact Angles for UV-Ozone Cleaning Process 
Solid Liquid No. Left Right Mean 
ITO-OLED Water 1 6.3 6.2 6.2 
ITO-OLED Water 2 6.1 6.6 6.3 
ITO-OLED Water 3 6.5 6.3 6.4 
ITO-OLED Water 4 6.3 6.6 6.4 
ITO-OLED Water 5 6.2 6.1 6.2 
ITO-OLED Water 6 6.3 6.6 6.4 
ITO-OLED Water 7 6.4 6.2 6.3 
ITO-OLED Water 8 6.3 6.5 6.4 
ITO-OLED Water 9 6.4 6.4 6.4 
ITO-OLED Water 10 6.2 6.2 6.2 
ITO-OLED Water 11 6.3 6.9 6.6 
ITO-OLED Water 12 7.1 6.8 7 
ITO-OLED Water 13 6.3 6.8 6.6 
ITO-OLED Water 14 6.5 7 6.8 
ITO-OLED Water 15 6.8 6.9 6.9 
ITO-OLED Water 16 6.2 6.7 6.4 
ITO-OLED Water 17 6.7 6.6 6.7 
ITO-OLED Water 18 6.7 6.8 6.7 
ITO-OLED Water 19 6.4 6.7 6.5 
ITO-OLED Water 20 6.5 6.5 6.5 
ITO-OLED Water 21 8.6 8.4 8.5 
ITO-OLED Water 22 8.6 8.2 8.4 
ITO-OLED Water 23 8.6 8.1 8.4 
ITO-OLED Water 24 8.8 8.1 8.5 
ITO-OLED Water 25 8.6 8.2 8.4 
ITO-OLED Water 26 8.7 8.2 8.5 
ITO-OLED Water 27 8.6 8.3 8.5 
ITO-OLED Water 28 8.7 8.3 8.5 
ITO-OLED Water 29 8.6 8.1 8.4 
ITO-OLED Water 30 8.7 8.2 8.4 
ITO-OLED Water 31 10.8 11 10.9 
ITO-OLED Water 32 11.05 10.55 10.8 
ITO-OLED Water 33 10.8 10.55 10.7 
ITO-OLED Water 34 11 10.65 10.85 
ITO-OLED Water 35 10.45 10.55 10.5 
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ITO-OLED Water 36 10.95 10.7 10.85 
ITO-OLED Water 37 11.05 10.35 10.65 
ITO-OLED Water 38 10.5 10.75 10.65 
ITO-OLED Water 39 10.75 10.5 10.6 
ITO-OLED Water 40 11.1 10.65 10.9 
ITO-OLED Water 41 12.5 12.6 12.5 
ITO-OLED Water 42 13.1 12.6 12.9 
ITO-OLED Water 43 12.5 12.4 12.4 
ITO-OLED Water 44 13.2 12.7 12.9 
ITO-OLED Water 45 13 12.4 12.7 
ITO-OLED Water 46 12.7 12.6 12.6 
ITO-OLED Water 47 12.9 12.6 12.7 
ITO-OLED Water 48 13.3 12.6 12.9 
ITO-OLED Water 49 12.9 12.5 12.7 
ITO-OLED Water 50 13.7 12.7 13.2 
ITO-OLED Water 51 15.1 13.7 14.4 
ITO-OLED Water 52 15.1 14 14.6 
ITO-OLED Water 53 15.1 14 14.5 
ITO-OLED Water 54 15 14 14.5 
ITO-OLED Water 55 15.1 13.5 14.3 
ITO-OLED Water 56 15 13.7 14.3 
ITO-OLED Water 57 15.1 13.7 14.4 
ITO-OLED Water 58 15.1 13.8 14.4 
ITO-OLED Water 59 15.1 13.6 14.4 
ITO-OLED Water 60 15 13.4 14.2 
ITO-OLED Water 61 14.6 13.8 14.2 
ITO-OLED Water 62 14.4 13.9 14.2 
ITO-OLED Water 63 14.3 13.6 14 
ITO-OLED Water 64 14.2 14.1 14.1 
ITO-OLED Water 65 14.3 14 14.2 
ITO-OLED Water 66 14.5 13.6 14 
ITO-OLED Water 67 14.4 14.2 14.3 
ITO-OLED Water 68 14.4 13.8 14.1 
ITO-OLED Water 69 14.2 13.6 13.9 
ITO-OLED Water 70 14.2 14 14.1 
ITO-OLED Water 71 15.1 14.5 14.8 
ITO-OLED Water 72 15 14.6 14.8 
ITO-OLED Water 73 15.1 14.3 14.7 
ITO-OLED Water 74 15.1 14.4 14.7 
ITO-OLED Water 75 15.2 14.4 14.8 
ITO-OLED Water 76 15.1 14.5 14.8 
ITO-OLED Water 77 15.2 14.7 14.9 
ITO-OLED Water 78 15.1 14.6 14.9 
ITO-OLED Water 79 15 14.3 14.7 
ITO-OLED Water 80 15 14.5 14.7 
ITO-OLED Water 81 17.6 18.2 17.9 
ITO-OLED Water 82 17.4 18.4 17.9 
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ITO-OLED Water 83 17.4 18.4 17.9 
ITO-OLED Water 84 17.4 18.3 17.9 
ITO-OLED Water 85 17.3 18.2 17.8 
ITO-OLED Water 86 17.4 18.3 17.8 
ITO-OLED Water 87 17.4 18.4 17.9 
ITO-OLED Water 88 17.1 18.3 17.7 
ITO-OLED Water 89 17.3 18.1 17.7 
ITO-OLED Water 90 17.3 18.4 17.9 
ITO-OLED Water 91 18.8 19.1 19 
ITO-OLED Water 92 18.8 19.2 19 
ITO-OLED Water 93 18.7 19.2 18.9 
ITO-OLED Water 94 18.9 19.2 19 
ITO-OLED Water 95 18.7 19.2 19 
ITO-OLED Water 96 18.8 19.4 19.1 
ITO-OLED Water 97 18.8 19.5 19.2 
ITO-OLED Water 98 18.8 19.3 19.1 
ITO-OLED Water 99 18.8 19 18.9 
ITO-OLED Water 100 18.9 19.3 19.1 
 
A1.2 Contact Angle Data for Oxygen-Plasma Cleaning 
Process 
Sessile Contact Angles for Oxygen-Plasma Cleaning Process 
Solid Liquid No. Left Right Mean 
ITO-OLED Water 1 4.2 4.2 4.2 
ITO-OLED Water 2 4.2 4.3 4.2 
ITO-OLED Water 3 4.1 4.5 4.3 
ITO-OLED Water 4 4.3 4.4 4.3 
ITO-OLED Water 5 4.3 4.3 4.3 
ITO-OLED Water 6 4.2 4.3 4.3 
ITO-OLED Water 7 4.2 4.2 4.2 
ITO-OLED Water 8 4.2 4.3 4.2 
ITO-OLED Water 9 4.3 4.2 4.3 
ITO-OLED Water 10 4.1 4.3 4.2 
ITO-OLED Water 11 4.4 4.7 4.5 
ITO-OLED Water 12 4.3 4.5 4.4 
ITO-OLED Water 13 4.5 4.6 4.6 
ITO-OLED Water 14 4.5 4.5 4.5 
ITO-OLED Water 15 4.5 4.5 4.5 
ITO-OLED Water 16 4.4 4.5 4.4 
ITO-OLED Water 17 4.4 4.4 4.4 
ITO-OLED Water 18 4.5 4.6 4.6 
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ITO-OLED Water 19 4.5 4.5 4.5 
ITO-OLED Water 20 4.5 4.6 4.6 
ITO-OLED Water 21 5.3 5.3 5.3 
ITO-OLED Water 22 5.3 5.3 5.3 
ITO-OLED Water 23 5.4 5.3 5.3 
ITO-OLED Water 24 5.2 5.3 5.3 
ITO-OLED Water 25 5.2 5.3 5.2 
ITO-OLED Water 26 5.2 5.4 5.3 
ITO-OLED Water 27 5.2 5.3 5.2 
ITO-OLED Water 28 5.1 5.2 5.2 
ITO-OLED Water 29 5.2 5.4 5.3 
ITO-OLED Water 30 5.2 5.1 5.1 
ITO-OLED Water 31 5.3 5.5 5.4 
ITO-OLED Water 32 5.3 5.3 5.3 
ITO-OLED Water 33 5.3 5.4 5.4 
ITO-OLED Water 34 5.3 5.4 5.3 
ITO-OLED Water 35 5.3 5.4 5.3 
ITO-OLED Water 36 5.3 5.4 5.4 
ITO-OLED Water 37 5.3 5.5 5.4 
ITO-OLED Water 38 5.4 5.3 5.3 
ITO-OLED Water 39 5.4 5.2 5.3 
ITO-OLED Water 40 5.3 5.4 5.3 
ITO-OLED Water 41 5.7 6.3 6 
ITO-OLED Water 42 5.9 6.2 6 
ITO-OLED Water 43 5.7 6.2 6 
ITO-OLED Water 44 5.7 6.3 6 
ITO-OLED Water 45 5.7 6.2 5.9 
ITO-OLED Water 46 5.8 6.2 6 
ITO-OLED Water 47 5.8 6.3 6 
ITO-OLED Water 48 5.8 6.2 6 
ITO-OLED Water 49 5.8 6.2 6 
ITO-OLED Water 50 5.7 6.2 6 
ITO-OLED Water 51 9.3 8.5 8.9 
ITO-OLED Water 52 9.4 8.5 8.9 
ITO-OLED Water 53 9.3 8.6 8.9 
ITO-OLED Water 54 9.3 8.5 8.9 
ITO-OLED Water 55 9.3 8.5 8.9 
ITO-OLED Water 56 9.3 8.5 8.9 
ITO-OLED Water 57 9.4 8.6 9 
ITO-OLED Water 58 9.3 8.6 8.9 
ITO-OLED Water 59 9.2 8.6 8.9 
ITO-OLED Water 60 9.3 8.5 8.9 
ITO-OLED Water 61 9.4 10.1 9.8 
ITO-OLED Water 62 9.5 10 9.7 
ITO-OLED Water 63 9.5 10.1 9.8 
ITO-OLED Water 64 9.4 10.1 9.8 
ITO-OLED Water 65 9.5 10.1 9.8 
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ITO-OLED Water 66 9.5 10 9.7 
ITO-OLED Water 67 9.5 10.1 9.8 
ITO-OLED Water 68 9.4 10.1 9.7 
ITO-OLED Water 69 9.4 10.1 9.7 
ITO-OLED Water 70 9.4 9.9 9.7 
ITO-OLED Water 71 11 11.7 11.4 
ITO-OLED Water 72 11.1 11.7 11.4 
ITO-OLED Water 73 11 11.8 11.4 
ITO-OLED Water 74 11.1 11.7 11.4 
ITO-OLED Water 75 11.1 11.6 11.4 
ITO-OLED Water 76 11.1 11.6 11.4 
ITO-OLED Water 77 11 11.6 11.3 
ITO-OLED Water 78 11.1 11.6 11.4 
ITO-OLED Water 79 11 11.6 11.3 
ITO-OLED Water 80 11.1 11.5 11.3 
ITO-OLED Water 81 12.1 12 12.1 
ITO-OLED Water 82 12.1 11.9 12 
ITO-OLED Water 83 12.1 11.9 12 
ITO-OLED Water 84 12.1 12 12 
ITO-OLED Water 85 12.1 11.9 12 
ITO-OLED Water 86 12.1 12 12.1 
ITO-OLED Water 87 12.1 12 12 
ITO-OLED Water 88 12.1 12 12 
ITO-OLED Water 89 12.1 12 12 
ITO-OLED Water 90 12.1 12 12 
ITO-OLED Water 91 12.8 12.9 12.8 
ITO-OLED Water 92 12.6 13 12.8 
ITO-OLED Water 93 12.8 12.9 12.9 
ITO-OLED Water 94 12.7 13 12.9 
ITO-OLED Water 95 12.6 13.1 12.9 
ITO-OLED Water 96 12.8 13.1 12.9 
ITO-OLED Water 97 12.8 12.8 12.8 
ITO-OLED Water 98 13 12.8 12.9 
ITO-OLED Water 99 12.7 12.9 12.8 
ITO-OLED Water 100 13 13 13 
ITO-OLED Water 101 13.4 13.2 13.3 
ITO-OLED Water 102 13.3 13.2 13.2 
ITO-OLED Water 103 13.3 13.1 13.2 
ITO-OLED Water 104 13.3 13.2 13.2 
ITO-OLED Water 105 13.3 13.2 13.2 
ITO-OLED Water 106 13.3 13.1 13.2 
ITO-OLED Water 107 13.3 13.1 13.2 
ITO-OLED Water 108 13.3 13.2 13.2 
ITO-OLED Water 109 13.3 13.1 13.2 
ITO-OLED Water 110 13.3 13.2 13.2 
ITO-OLED Water 111 17.4 18.6 18 
ITO-OLED Water 112 17.5 18.5 18 
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ITO-OLED Water 113 17.4 18.5 17.9 
ITO-OLED Water 114 17.4 18.5 18 
ITO-OLED Water 115 17.4 18.6 18 
ITO-OLED Water 116 17.5 18.4 18 
ITO-OLED Water 117 17.4 18.4 17.9 
ITO-OLED Water 118 17.4 18.5 18 
ITO-OLED Water 119 17.4 18.3 17.9 
ITO-OLED Water 120 17.5 18.5 18 
 
A1.3 Contact Angle Data for Alkaline Cleaning Process 
Sessile Contact Angles for Alkaline Cleaning Process 
Solid Liquid No. Left Right Mean 
ITO-OLED Water 1 6.8 5.8 6.3 
ITO-OLED Water 2 6.8 5.8 6.3 
ITO-OLED Water 3 6.8 5.5 6.2 
ITO-OLED Water 4 6.7 5.7 6.2 
ITO-OLED Water 5 6.9 5.8 6.4 
ITO-OLED Water 6 6.7 5.6 6.1 
ITO-OLED Water 7 6.8 5.8 6.3 
ITO-OLED Water 8 6.7 5.7 6.2 
ITO-OLED Water 9 6.7 5.6 6.2 
ITO-OLED Water 10 6.7 5.8 6.3 
ITO-OLED Water 11 9.2 8.9 9 
ITO-OLED Water 12 9.2 8.9 9 
ITO-OLED Water 13 9.2 9 9.1 
ITO-OLED Water 14 9.3 8.9 9.1 
ITO-OLED Water 15 9.1 8.8 9 
ITO-OLED Water 16 9.2 8.9 9 
ITO-OLED Water 17 9.3 8.8 9 
ITO-OLED Water 18 9.1 9 9 
ITO-OLED Water 19 9.2 9 9.1 
ITO-OLED Water 20 9.2 8.9 9.1 
ITO-OLED Water 21 9.5 8.9 9.2 
ITO-OLED Water 22 9.4 8.8 9.1 
ITO-OLED Water 23 9.3 9 9.1 
ITO-OLED Water 24 9.5 8.9 9.2 
ITO-OLED Water 25 9.2 8.8 9 
ITO-OLED Water 26 9.3 8.9 9.1 
ITO-OLED Water 27 9.4 8.9 9.1 
ITO-OLED Water 28 9.2 8.9 9 
ITO-OLED Water 29 9.2 8.8 9 
ITO-OLED Water 30 9.4 8.9 9.2 
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ITO-OLED Water 31 9.6 10 9.8 
ITO-OLED Water 32 9.6 10 9.8 
ITO-OLED Water 33 9.8 9.7 9.7 
ITO-OLED Water 34 9.7 9.8 9.8 
ITO-OLED Water 35 9.5 10 9.7 
ITO-OLED Water 36 9.5 10 9.8 
ITO-OLED Water 37 9.7 10.2 10 
ITO-OLED Water 38 9.5 10.2 9.8 
ITO-OLED Water 39 9.4 9.9 9.6 
ITO-OLED Water 40 9.5 9.7 9.6 
ITO-OLED Water 41 10.8 11 10.9 
ITO-OLED Water 42 10.7 11.2 11 
ITO-OLED Water 43 10.8 11.1 11 
ITO-OLED Water 44 10.8 11.2 11 
ITO-OLED Water 45 10.7 11.1 10.9 
ITO-OLED Water 46 10.7 11.1 10.9 
ITO-OLED Water 47 10.7 11 10.8 
ITO-OLED Water 48 10.7 11.1 10.9 
ITO-OLED Water 49 10.8 11 10.9 
ITO-OLED Water 50 10.8 10.9 10.8 
ITO-OLED Water 51 7.8 9.7 8.8 
ITO-OLED Water 52 7.8 9.7 8.8 
ITO-OLED Water 53 7.9 9.6 8.8 
ITO-OLED Water 54 7.9 9.1 8.5 
ITO-OLED Water 55 8 9.7 8.8 
ITO-OLED Water 56 7.9 9.3 8.6 
ITO-OLED Water 57 8 10.4 9.2 
ITO-OLED Water 58 8.1 9.4 8.8 
ITO-OLED Water 59 8 9.2 8.6 
ITO-OLED Water 60 7.8 9.8 8.8 
ITO-OLED Water 61 7.7 7.4 7.5 
ITO-OLED Water 62 7.7 7.3 7.5 
ITO-OLED Water 63 7.7 7.2 7.5 
ITO-OLED Water 64 7.7 7.3 7.5 
ITO-OLED Water 65 7.7 7.2 7.5 
ITO-OLED Water 66 7.6 7.3 7.5 
ITO-OLED Water 67 7.7 7.3 7.5 
ITO-OLED Water 68 7.7 7.2 7.5 
ITO-OLED Water 69 7.6 7.2 7.4 
ITO-OLED Water 70 7.7 7.3 7.5 
ITO-OLED Water 71 8.8 8.9 8.9 
ITO-OLED Water 72 8.8 9 8.9 
ITO-OLED Water 73 8.9 8.9 8.9 
ITO-OLED Water 74 8.9 8.8 8.8 
ITO-OLED Water 75 8.9 8.8 8.9 
ITO-OLED Water 76 8.8 8.9 8.8 
ITO-OLED Water 77 8.9 8.9 8.9 
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ITO-OLED Water 78 8.8 8.8 8.8 
ITO-OLED Water 79 8.9 8.9 8.9 
ITO-OLED Water 80 8.8 8.9 8.9 
ITO-OLED Water 81 7.1 7.1 7.1 
ITO-OLED Water 82 7.1 7.2 7.1 
ITO-OLED Water 83 7.2 7.1 7.1 
ITO-OLED Water 84 7.2 7.1 7.2 
ITO-OLED Water 85 7.1 7 7 
ITO-OLED Water 86 7.1 7.1 7.1 
ITO-OLED Water 87 7 7 7 
ITO-OLED Water 88 7 7.2 7.1 
ITO-OLED Water 89 7.2 7 7.1 
ITO-OLED Water 90 7.1 7 7.1 
ITO-OLED Water 91 8.2 8.7 8.4 
ITO-OLED Water 92 8.1 8.6 8.3 
ITO-OLED Water 93 8 8.4 8.2 
ITO-OLED Water 94 8.1 8.5 8.3 
ITO-OLED Water 95 8.1 8.6 8.3 
ITO-OLED Water 96 8.2 8.5 8.3 
ITO-OLED Water 97 8.2 8.5 8.4 
ITO-OLED Water 98 8 8.5 8.3 
ITO-OLED Water 99 8 8.5 8.3 
ITO-OLED Water 100 8.1 8.4 8.2 
 
Advancing and Receding Contact Angles for Alkaline Cleaning Process 
Solid Liquid No. Left Right 
ITO-OLED Water 1 37 4.9 
ITO-OLED Water 2 37.1 4.6 
ITO-OLED Water 3 37 4.9 
ITO-OLED Water 4 37 3.5 
ITO-OLED Water 5 37.2 4.7 
ITO-OLED Water 6 37.1 4.8 
ITO-OLED Water 7 37.1 4.9 
ITO-OLED Water 8 37 5 
ITO-OLED Water 9 37 5.6 
ITO-OLED Water 10 37.1 4.4 
ITO-OLED Water 11 36.4 1.8 
ITO-OLED Water 12 36.4 2 
ITO-OLED Water 13 36.5 2 
ITO-OLED Water 14 36.2 1.8 
ITO-OLED Water 15 36.2 2.9 
ITO-OLED Water 16 36.6 2.6 
ITO-OLED Water 17 36.4 2.9 
ITO-OLED Water 18 36.4 3.1 
ITO-OLED Water 19 36.5 2.3 
ITO-OLED Water 20 36.4 2.3 
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ITO-OLED Water 21 32.9 3.4 
ITO-OLED Water 22 33 3.4 
ITO-OLED Water 23 33.1 3.3 
ITO-OLED Water 24 32.9 3.2 
ITO-OLED Water 25 33 3.2 
ITO-OLED Water 26 32.9 2 
ITO-OLED Water 27 33.1 3 
ITO-OLED Water 28 32.9 3.5 
ITO-OLED Water 29 33 3.8 
ITO-OLED Water 30 33.1 2.8 
ITO-OLED Water 31 32.2 3.8 
ITO-OLED Water 32 32.2 3.9 
ITO-OLED Water 33 32.3 3.7 
ITO-OLED Water 34 32.3 3.9 
ITO-OLED Water 35 32.2 3.9 
ITO-OLED Water 36 32.4 3.8 
ITO-OLED Water 37 32.3 3.7 
ITO-OLED Water 38 32.3 4.1 
ITO-OLED Water 39 32.3 3.9 
ITO-OLED Water 40 32.1 3.7 
ITO-OLED Water 41 34.7 3.7 
ITO-OLED Water 42 34.8 3.5 
ITO-OLED Water 43 34.9 2.4 
ITO-OLED Water 44 34.9 3.2 
ITO-OLED Water 45 35.2 1.6 
ITO-OLED Water 46 35.1 2.9 
ITO-OLED Water 47 35.1 1.6 
ITO-OLED Water 48 34.3 2.1 
ITO-OLED Water 49 35.1 1.6 
ITO-OLED Water 50 34.8 2.5 
 
A1.4 Contact Angle Data for Neutral Cleaning Process 
Sessile Contact Angles for Neutral Cleaning Process 
Solid Liquid No. Left Right Mean 
ITO-OLED Water 1 54 53.4 53.7 
ITO-OLED Water 2 54 53.5 53.7 
ITO-OLED Water 3 54 53.5 53.8 
ITO-OLED Water 4 54 53.4 53.7 
ITO-OLED Water 5 54 53.5 53.7 
ITO-OLED Water 6 54 53.4 53.7 
ITO-OLED Water 7 54 53.3 53.7 
ITO-OLED Water 8 54 53.4 53.7 
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ITO-OLED Water 9 53.9 53.4 53.7 
ITO-OLED Water 10 53.9 53.4 53.7 
ITO-OLED Water 11 53.5 54.2 53.9 
ITO-OLED Water 12 53.4 54.2 53.8 
ITO-OLED Water 13 53.5 54.2 53.8 
ITO-OLED Water 14 53.5 54.1 53.8 
ITO-OLED Water 15 53.5 54.2 53.8 
ITO-OLED Water 16 53.4 54.1 53.8 
ITO-OLED Water 17 53.4 54.2 53.8 
ITO-OLED Water 18 53.5 54.2 53.8 
ITO-OLED Water 19 53.4 54.1 53.8 
ITO-OLED Water 20 53.5 54.1 53.8 
ITO-OLED Water 21 54.1 54.5 54.3 
ITO-OLED Water 22 54.1 54.5 54.3 
ITO-OLED Water 23 54.1 54.5 54.3 
ITO-OLED Water 24 54.1 54.5 54.3 
ITO-OLED Water 25 54.1 54.5 54.3 
ITO-OLED Water 26 54.1 54.4 54.3 
ITO-OLED Water 27 54.1 54.5 54.3 
ITO-OLED Water 28 54.1 54.5 54.3 
ITO-OLED Water 29 54 54.4 54.2 
ITO-OLED Water 30 54.1 54.4 54.3 
ITO-OLED Water 31 54.6 55.1 54.9 
ITO-OLED Water 32 54.5 55.1 54.8 
ITO-OLED Water 33 54.6 55.1 54.8 
ITO-OLED Water 34 54.5 55.1 54.8 
ITO-OLED Water 35 54.6 55.1 54.8 
ITO-OLED Water 36 54.5 55.1 54.8 
ITO-OLED Water 37 54.6 55 54.8 
ITO-OLED Water 38 54.5 55.1 54.8 
ITO-OLED Water 39 54.5 55.1 54.8 
ITO-OLED Water 40 54.5 55.1 54.8 
ITO-OLED Water 41 54.8 56 55.4 
ITO-OLED Water 42 54.8 55.9 55.3 
ITO-OLED Water 43 54.8 55.9 55.3 
ITO-OLED Water 44 54.8 55.8 55.3 
ITO-OLED Water 45 54.8 55.9 55.3 
ITO-OLED Water 46 54.8 55.8 55.3 
ITO-OLED Water 47 54.8 55.8 55.3 
ITO-OLED Water 48 54.7 55.8 55.3 
ITO-OLED Water 49 54.8 55.8 55.3 
ITO-OLED Water 50 54.7 55.8 55.3 
ITO-OLED Water 51 54.4 55.1 54.8 
ITO-OLED Water 52 54.3 55.2 54.8 
ITO-OLED Water 53 54.3 55.2 54.8 
ITO-OLED Water 54 54.3 55.1 54.7 
ITO-OLED Water 55 54.3 55.1 54.7 
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ITO-OLED Water 56 54.3 55.1 54.7 
ITO-OLED Water 57 54.3 55.1 54.7 
ITO-OLED Water 58 54.2 55.1 54.7 
ITO-OLED Water 59 54.3 55.1 54.7 
ITO-OLED Water 60 54.3 55.1 54.7 
ITO-OLED Water 61 53.2 53.4 53.3 
ITO-OLED Water 62 53.2 53.4 53.3 
ITO-OLED Water 63 53.2 53.4 53.3 
ITO-OLED Water 64 53.1 53.3 53.2 
ITO-OLED Water 65 53.1 53.4 53.2 
ITO-OLED Water 66 53.1 53.3 53.2 
ITO-OLED Water 67 53.1 53.4 53.2 
ITO-OLED Water 68 53.1 53.4 53.2 
ITO-OLED Water 69 53.1 53.3 53.2 
ITO-OLED Water 70 53.1 53.3 53.2 
ITO-OLED Water 71 53.4 52.9 53.2 
ITO-OLED Water 72 53.4 53 53.2 
ITO-OLED Water 73 53.4 53.1 53.2 
ITO-OLED Water 74 53.4 53 53.2 
ITO-OLED Water 75 53.3 53.1 53.2 
ITO-OLED Water 76 53.4 53 53.2 
ITO-OLED Water 77 53.3 53 53.2 
ITO-OLED Water 78 53.3 53 53.2 
ITO-OLED Water 79 53.3 53 53.2 
ITO-OLED Water 80 53.3 53 53.1 
ITO-OLED Water 81 53.5 53.2 53.4 
ITO-OLED Water 82 53.4 53.3 53.4 
ITO-OLED Water 83 53.4 53.2 53.3 
ITO-OLED Water 84 53.4 53.2 53.3 
ITO-OLED Water 85 53.4 53.2 53.3 
ITO-OLED Water 86 53.4 53.3 53.3 
ITO-OLED Water 87 53.4 53.2 53.3 
ITO-OLED Water 88 53.5 53.2 53.3 
ITO-OLED Water 89 53.4 53.2 53.3 
ITO-OLED Water 90 53.4 53.2 53.3 
ITO-OLED Water 91 53.6 54.7 54.2 
ITO-OLED Water 92 53.6 54.7 54.1 
ITO-OLED Water 93 53.6 54.7 54.2 
ITO-OLED Water 94 53.6 54.7 54.1 
ITO-OLED Water 95 53.6 54.8 54.2 
ITO-OLED Water 96 53.6 54.7 54.1 
ITO-OLED Water 97 53.5 54.6 54.1 
ITO-OLED Water 98 53.6 54.7 54.1 
ITO-OLED Water 99 53.6 54.7 54.1 
ITO-OLED Water 100 53.5 54.7 54.1 
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Advancing and Receding Contact Angles for Neutral Cleaning Process 
Solid Liquid No. Left Right 
ITO-OLED Water 1 62.8 25.1 
ITO-OLED Water 2 62.7 24.7 
ITO-OLED Water 3 62.8 24.2 
ITO-OLED Water 4 62.8 24 
ITO-OLED Water 5 62.7 23.5 
ITO-OLED Water 6 62.6 23.8 
ITO-OLED Water 7 62.8 23.6 
ITO-OLED Water 8 62.4 23.9 
ITO-OLED Water 9 62.4 24.3 
ITO-OLED Water 10 62.4 24.3 
ITO-OLED Water 51 62.6 24.2 
ITO-OLED Water 52 62.5 24.1 
ITO-OLED Water 53 62.6 24 
ITO-OLED Water 54 62.7 24.2 
ITO-OLED Water 55 62.6 24.1 
ITO-OLED Water 56 62.7 24.2 
ITO-OLED Water 57 62.6 24.1 
ITO-OLED Water 58 62.7 24 
ITO-OLED Water 59 62.7 24 
ITO-OLED Water 60 62.7 24.2 
ITO-OLED Water 1 65.6 22.2 
ITO-OLED Water 2 65.7 22.2 
ITO-OLED Water 3 65.7 22.1 
ITO-OLED Water 4 65.7 22.2 
ITO-OLED Water 5 65.7 22.2 
ITO-OLED Water 6 65.7 22.1 
ITO-OLED Water 7 65.8 22.7 
ITO-OLED Water 8 65.7 22 
ITO-OLED Water 9 65.8 22.3 
ITO-OLED Water 10 66 22.3 
ITO-OLED Water 21 64 22.8 
ITO-OLED Water 22 64.1 23.8 
ITO-OLED Water 23 64.1 22.9 
ITO-OLED Water 24 64.2 23.9 
ITO-OLED Water 25 63.9 22.9 
ITO-OLED Water 26 64.2 23.7 
ITO-OLED Water 27 64.1 23.5 
ITO-OLED Water 28 64.1 23 
ITO-OLED Water 29 64.1 23 
ITO-OLED Water 30 64 22.8 
ITO-OLED Water 41 65.4 23.6 
ITO-OLED Water 42 65.3 23.3 
ITO-OLED Water 43 65.5 23.6 
ITO-OLED Water 44 65.5 23.4 
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ITO-OLED Water 45 65.4 23.5 
ITO-OLED Water 46 65.3 23.6 
ITO-OLED Water 47 65.1 23.5 
ITO-OLED Water 48 65 23.4 
ITO-OLED Water 49 65.2 23.7 
ITO-OLED Water 50 65.1 23.5 
 
A1.5 Contact Angle Data for Organic Cleaning Process 
Sessile Contact Angles for Organic Cleaning Process 
Solid Liquid No. Left Right Mean 
ITO-OLED Water 1 47.5 48.3 47.9 
ITO-OLED Water 2 47.5 48.4 48 
ITO-OLED Water 3 47.6 48.3 47.9 
ITO-OLED Water 4 47.4 48.4 47.9 
ITO-OLED Water 5 47.4 48.4 47.9 
ITO-OLED Water 6 47.4 48.3 47.9 
ITO-OLED Water 7 47.4 48.4 47.9 
ITO-OLED Water 8 47.4 48.4 47.9 
ITO-OLED Water 9 47.3 48.3 47.8 
ITO-OLED Water 10 47.4 48.3 47.9 
ITO-OLED Water 11 51.7 52.2 52 
ITO-OLED Water 12 51.6 52.3 52 
ITO-OLED Water 13 51.7 52.3 52 
ITO-OLED Water 14 51.7 52.2 52 
ITO-OLED Water 15 51.7 52.2 52 
ITO-OLED Water 16 51.7 52.2 52 
ITO-OLED Water 17 51.7 52.2 51.9 
ITO-OLED Water 18 51.7 52.2 52 
ITO-OLED Water 19 51.7 52.2 51.9 
ITO-OLED Water 20 51.6 52.2 51.9 
ITO-OLED Water 21 60.3 60 60.2 
ITO-OLED Water 22 60.3 60 60.2 
ITO-OLED Water 23 60.3 60 60.1 
ITO-OLED Water 24 60.3 59.9 60.1 
ITO-OLED Water 25 60.3 60 60.1 
ITO-OLED Water 26 60.3 60 60.2 
ITO-OLED Water 27 60.3 60 60.1 
ITO-OLED Water 28 60.3 60 60.2 
ITO-OLED Water 29 60.4 59.9 60.1 
ITO-OLED Water 30 60.3 59.9 60.1 
ITO-OLED Water 31 50.2 51.1 50.6 
ITO-OLED Water 32 50.1 51.1 50.6 
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ITO-OLED Water 33 50.1 51.1 50.6 
ITO-OLED Water 34 50 51.1 50.6 
ITO-OLED Water 35 50.1 51.1 50.6 
ITO-OLED Water 36 50.1 51.1 50.6 
ITO-OLED Water 37 50.1 51.1 50.6 
ITO-OLED Water 38 50 51.1 50.6 
ITO-OLED Water 39 50 51 50.5 
ITO-OLED Water 40 50 51.1 50.6 
ITO-OLED Water 41 54.8 56.1 55.4 
ITO-OLED Water 42 54.8 56.1 55.4 
ITO-OLED Water 43 54.8 55.9 55.3 
ITO-OLED Water 44 54.8 56.1 55.4 
ITO-OLED Water 45 54.8 56 55.4 
ITO-OLED Water 46 54.7 55.9 55.3 
ITO-OLED Water 47 54.8 55.9 55.3 
ITO-OLED Water 48 54.7 55.9 55.3 
ITO-OLED Water 49 54.8 55.9 55.3 
ITO-OLED Water 50 54.6 56 55.3 
ITO-OLED Water 51 48.7 50 49.3 
ITO-OLED Water 52 48.7 49.9 49.3 
ITO-OLED Water 53 48.8 49.8 49.3 
ITO-OLED Water 54 48.8 49.9 49.3 
ITO-OLED Water 55 48.7 49.8 49.3 
ITO-OLED Water 56 48.6 49.9 49.2 
ITO-OLED Water 57 48.6 49.8 49.2 
ITO-OLED Water 58 48.8 49.8 49.3 
ITO-OLED Water 59 48.7 49.8 49.3 
ITO-OLED Water 60 48.7 49.8 49.3 
ITO-OLED Water 61 56.6 57.2 56.9 
ITO-OLED Water 62 56.7 57.2 56.9 
ITO-OLED Water 63 56.7 57.2 56.9 
ITO-OLED Water 64 56.6 57.2 56.9 
ITO-OLED Water 65 56.6 57.1 56.9 
ITO-OLED Water 66 56.5 57.1 56.8 
ITO-OLED Water 67 56.5 57 56.8 
ITO-OLED Water 68 56.6 57 56.8 
ITO-OLED Water 69 56.5 57 56.7 
ITO-OLED Water 70 56.6 57 56.8 
ITO-OLED Water 71 60.2 59.3 59.7 
ITO-OLED Water 72 60 59.3 59.7 
ITO-OLED Water 73 60.1 59.3 59.7 
ITO-OLED Water 74 60.1 59.3 59.7 
ITO-OLED Water 75 60.1 59.3 59.7 
ITO-OLED Water 76 60.1 59.3 59.7 
ITO-OLED Water 77 60.1 59.3 59.7 
ITO-OLED Water 78 60 59.3 59.7 
ITO-OLED Water 79 60.1 59.3 59.7 
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ITO-OLED Water 80 60.1 59.3 59.7 
ITO-OLED Water 81 58.8 59.5 59.1 
ITO-OLED Water 82 58.8 59.5 59.2 
ITO-OLED Water 83 58.8 59.5 59.1 
ITO-OLED Water 84 58.8 59.5 59.1 
ITO-OLED Water 85 58.8 59.4 59.1 
ITO-OLED Water 86 58.8 59.5 59.1 
ITO-OLED Water 87 58.8 59.4 59.1 
ITO-OLED Water 88 58.9 59.3 59.1 
ITO-OLED Water 89 58.8 59.5 59.1 
ITO-OLED Water 90 58.9 59.5 59.2 
ITO-OLED Water 91 57.1 55.5 56.3 
ITO-OLED Water 92 57 55.5 56.2 
ITO-OLED Water 93 57 55.6 56.3 
ITO-OLED Water 94 56.9 55.5 56.2 
ITO-OLED Water 95 57 55.5 56.2 
ITO-OLED Water 96 57 55.5 56.2 
ITO-OLED Water 97 56.9 55.5 56.2 
ITO-OLED Water 98 57.1 55.4 56.2 
ITO-OLED Water 99 56.9 55.4 56.2 
ITO-OLED Water 100 56.9 55.5 56.2 
 
Advancing and Receding Contact Angles for Organic Cleaning Process 
Solid Liquid No. Left Right 
ITO-OLED Water 1 67.1 30.1 
ITO-OLED Water 2 67.8 29.5 
ITO-OLED Water 3 66.9 29.9 
ITO-OLED Water 4 67.4 29.3 
ITO-OLED Water 5 68.3 31.3 
ITO-OLED Water 6 66.9 31.3 
ITO-OLED Water 7 67.2 30 
ITO-OLED Water 8 67.2 29.7 
ITO-OLED Water 9 66.5 30.3 
ITO-OLED Water 10 67.2 29.9 
ITO-OLED Water 11 61.3 38.3 
ITO-OLED Water 12 61.1 31.4 
ITO-OLED Water 13 61 28.4 
ITO-OLED Water 14 61 28.4 
ITO-OLED Water 15 61.1 28.4 
ITO-OLED Water 16 61 30.8 
ITO-OLED Water 17 61.1 29.7 
ITO-OLED Water 18 61.1 29.1 
ITO-OLED Water 19 61 29.3 
ITO-OLED Water 20 61.2 31.8 
ITO-OLED Water 21 62 27.5 
ITO-OLED Water 22 62.1 27.5 
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ITO-OLED Water 23 62 27.4 
ITO-OLED Water 24 62 27.4 
ITO-OLED Water 25 61.9 27.4 
ITO-OLED Water 26 61.9 27.5 
ITO-OLED Water 27 62 27.4 
ITO-OLED Water 28 62 27.5 
ITO-OLED Water 29 62 27.3 
ITO-OLED Water 30 61.9 27.5 
ITO-OLED Water 31 68.8 47.1 
ITO-OLED Water 32 66.6 31.5 
ITO-OLED Water 33 66.2 28.9 
ITO-OLED Water 34 66.5 28.2 
ITO-OLED Water 35 66.5 27.9 
ITO-OLED Water 36 66.2 28.6 
ITO-OLED Water 37 66.1 28 
ITO-OLED Water 38 66.4 27.8 
ITO-OLED Water 39 66.4 27.9 
ITO-OLED Water 40 66.3 27.9 
ITO-OLED Water 41 65.2 28.6 
ITO-OLED Water 42 66.2 31.9 
ITO-OLED Water 43 65.5 28.2 
ITO-OLED Water 44 65.9 29.9 
ITO-OLED Water 45 66 27.8 
ITO-OLED Water 46 66 31.3 
ITO-OLED Water 47 65.4 28.2 
ITO-OLED Water 48 66.2 30.2 
ITO-OLED Water 49 66 27.7 








C) Width(m) Height(nm) Edge Gradient 
25 
105.4 130.88 0.00461 
102.9 129.79 0.00414 
107.9 131.72 0.00435 
102.1 132.17 0.00443 
101.2 134.88 0.00454 
101.2 133.10 0.00470 
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30 
92.1 140.72 0.00473 
90.4 141.74 0.00518 
92.9 140.24 0.00503 
91.3 142.32 0.00518 
91.3 139.66 0.00511 
93.8 143.71 0.00508 
35 
83.8 146.33 0.00538 
84.6 143.93 0.00568 
87.9 145.97 0.00517 
84.6 147.32 0.00543 
83.8 145.66 0.00530 
86.3 147.85 0.00519 
40 
76.3 133.45 0.00569 
78.0 131.18 0.00554 
79.7 132.89 0.00594 
78.8 136.75 0.00671 
78.0 136.47 0.00662 
81.3 133.09 0.00590 
45 
73.0 133.98 0.01040 
74.7 133.02 0.00967 
74.7 134.16 0.00940 
76.3 135.11 0.01000 
73.0 134.46 0.01040 
76.3 134.95 0.01132 
50 
74.7 103.52 0.00976 
72.2 103.55 0.01067 
72.2 103.40 0.00952 
71.4 102.64 0.01027 
73.0 109.19 0.01027 
70.5 102.99 0.01259 
55 
67.2 112.82 0.02140 
68.9 116.83 0.02122 
64.7 112.10 0.02000 
66.4 114.34 0.01983 
68.0 118.01 0.02242 
67.2 113.41 0.02080 
60 
61.4 113.58 0.38197 
64.7 113.30 0.22918 
62.2 114.23 0.14324 
63.9 112.30 0.16370 
62.2 111.89 0.28648 
63.9 111.24 0.19099 
 
